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ABSTRACT 


The Low-Cost Solar Array (LSA) Project at Jot Propulsion 
Laboratory (JPL) in Pasadena, California Is boiiiff funded by 
tho Department of Energy (DOE) for effective cost reduction 
in the production of silicon for solar cells . This study re- 
ports worit performed at Lamar University in support of the 
LSA Project and presents results for process system properties, 
chemical englneerinR and economic analyses of the new tochno- 
logloH and processos being developed for the production of 
lower coHt silicon for Koiar cells. 

Analyses of process system properties are important for 
chemical materials Involved in the several processes under 
consideration for semiconductor and solar cell grade silicon 
production. Major physical, thermodynamic and transport pro- 
perty data are reported for the following silicon source and 
proct'Kslng chemical maierials 

' Silane 

» Sill con Tet rach lor I do 

• Trich loros I lane 

• D1 ch I oros 1 I tine 

• Silicon Tet raf lutu'lde 

• Sill con 

The property data :ire reported for critical temperature, cri- 
tical preHHure, critical volume, vapor pressure, heat of vapo- 
rization, heat capacity, density, surface tension, viscosity, 
thermal conductivity, heat of fmanatlon and Gibb's free energy 
of formation. The reported property data are presented as a 
fimc'tton of temperature to permit rapid usage in research, 
development and production engineering. 

Chemical engineering analyses involving the preliminary 
process design of a plant (lOOOMT/yr capacity) to produce 
silicon via the tochnology under consideration w ‘e accompli- 
shed for the following processes: 

• UCC Silane Procc'ss for Silicon 

• BCL Process for Silicon - Case A 

• BCL Process for Silicon - Case B 

• Conventional Polysilicon Proc; (Siemens Technology) 

• Sil.-j Decomposition Process 

• DCS Process (Dlchlorosi lane) 

Major activities in the chemical engineering analyses Included 
base case conditions, reaction chemistry, process flowsheet, 
material balance, energy balance, property data, equipment 
design, major equipment Hat, prc'duction labor and forward for 
economic analysis. The process design package provided detailed 



clatfl. for raw matorlals, ucititios, major procoas oquipmoiU 
and production labor raqulroinonta nocsaBary for polyallicon 
production in oach procoaa. 

Ualnn detailed data from the proceaa doaign pacUase, econo- 
mic analysea for a lOOOMT/yr aillcon plant wore accompliahod 
for the proceaaea under conalderat ion for production of lower 
coat all Icon, Primary reaulta laaulnft from the economic ana- 
lyaea included plant capital Inveatraent and product coat which 
are uaeful in identl iication of those processes showlnR promise 
for meetlnff project coat goals. 

Cost and pro r I tabi 1 iiy results iaauing from the chemical 
engineering and economic analyaes are Bummarl^ed below: 


Process 

Product 
Cost , $/kg 
(1080 dollars) 

Sales Price, 
$/kg 

(1980 dollars) 

•UCC Silane Process 
for Si 1 toon 

0.60 

13.00 4i' DCF 

'BCL Process for 
Silicon - Case A 

12.08 

13.28 (0 5% DCF 

•BCL Process for 
Silicon - Case B 

11.07 

13.14 0 10% DCF 

•Conventional Pnlysl- 
1 i con Process Sismt'ns 
Technology ) 

53.77 


•Sir. Decomposition 
Process 

02.50 

71.48 «f 5% DCF 


For the Hummary tabulation, the product cost represents all 
cost associated with producing silicon including direct manu- 
facturing cost, indirect manufacturing cost, plant overhead 
and general expenses. The sales price includes a profit for 
he company measured In terms of DCF (discounted cash flow) 
rate of return on the capital Investment that the company spent 
in going into the business. 

The cost and profitability analysis results of $9,6f? 
and $13 per kg (1980 dollars) at 15'J DCt" for producing sili- 
con by the UCC silane process (Union Carbide Corporation) in- 
dicate that this new technology for producing polysilicon shows 
good promise for meeting the cost goal of $14 per kg of silicon 
naterial (1980 dollars) for solar cells. 
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For the BCL procoHH - CttHoa A and B (Battel le Columbus Labo- 
ratorle#*). roat and profitability reaultH are $11.07 - 12.08 and 
$13.14 - 13,28 per (1980 dollars) at 6 - 10% DCF rate 
of return. These resultH Indicate that this new technology 
for producing polyslltcon «howH promiae for meeting the cost 
goal of $14 per kg of silicon material (1080 dollars) for solar 
cel Ik , 

Fur the conventional polyslllcon process, the cost analysis 
Ih baHed on a poly plant constructed In the 1000's (1005 or 
t'lirl It'r) Hlnce Hevoral exinting plants producing semiconductor 
grad(’ jjolysi 1 i ct>n in the United States were constructed in the 
1000'k. The operating costs for the plant are applicable to 
the time period of interest hucIi ns 1980. Thi» average product 
coKt, $53.77 per kg (1980 dollars), for the conventional polysili- 
( on process corresponds to Intermediate electrical costs (3.15 
C/kw hr for IPRO). These costs results for the conventional 
polyslllcon process Indicate that this Siemens technology using 
trich Itirosl lane I'or producing polyslllcon does not show promise 
for meeting the cost goal iif $14 pt'r kg of silicon material 
(1980 dollars) for solar ('ells. 

Tile t'osl and proiltahility rt'SuUH of $02.5 and $71.48 per 
kg (1980 dollars) at 51. DCF rate' of return for t hi' BlI,. de- 
eemposiiion process indlenle ihal this new tc*ehnology for pro- 
ducing polyslllcon doi’s not show promise for meeting the cost 
goal of $14 pt>r kg of silicon material (1980 dollars) for solar 
cel Is. 


Using a hot wire mellu'd. gas phase ihi'rmal conduct 1 v I Ly value 
of argon, hydregim , silane, cli ch loros i lane . i riehlorosllane , 
t et raeh loros i lane and I et ra I Uiiirosi 1 ane were expi-rtm:-r.tal ly 
determined between 25’C and 35(V'C. Comparison oI the values 
obia lilt'd In the siuciy for argon and hydrogen with previously 
reported valiu's incliealed that the v'liies should be ai’curate 
lo *2‘.' thnuighout t ht> tempernluri- rar, e. 

Using a transpiration I echniiiue , gaseous visco.slty values 
lor nitrogen, di chi oros i 1 ane , t rich loros 1 1 ani' . and tetrafluoro- 
silane were experlmi'iit nl ly determined betwi'on 40"C and 20n‘^C. 
Comparison of the values obtaini'd tu the study lor nitrogen 
will! pre\lo.isly rc'porfed vtsensity values indleale that the 
values oht. tint'd art' iieeunite to *2" throughout i ht* t empt'ral urt' 
rangi' 

Studies wf'ri' eondueted to develop a method of generating 
silicon t el ra n uori df* from hexafluorasi 1 1 ci e acid, a readily 
nvnilnblt' by-product of the phosphate fertllizt'r Indu.stry. 
Conditions for tlu' t'ffleient pree i {)i I at Ion of two SiU precur- 
sors (Na 2 '‘^iF. and BaSiF,, ) were determined. Tht'si' prt'eur'Ors 
wert' llu'u thermally dt'eompost'd tt> generalt' 81F.. Parameters 
such as temperature, healing lime, and flow lait' neet*ssary for 
I'ffit'ient nroriiu’tlon of SIF^ were det t'rniint'd . 
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X. INTRODUCTION - BACKGROUND 

The Low-Cost Solar Array Project (LSA) of Jet Propul- 
sion Laboratory (JPL) had its beginning in 1975, and was 
concerned with achieving our national solar energy goal 
(1) to "develop at the earliest feasible time those ap- 
plications of solar energy that can be made economically 
attractive and environmentally acceptable as alternate 
energy sources." Solar cell grade silicon for photovol- 
taic systems will need to be produced in great volume at 
considerable reduced prices to accomplish this signifi- 
cant energy goal. 

The Low-Cost Solar Array (LSA) Project at Jet Propul- 
sion Laboratory (JPL) in Pasadena, California is being 
funded by the Department of Energy (DOE) for effective 
cost reduction in the production of silicon for solar 
cells. An important overall objective of the project is 
to reduce the cost of electricity produced with solar 
cells from today's $10-25 per W (Peak) to $0.70 per W 
(1980 dollars) by 1986. Cost reductions for solar 
cells are allocated to major tasks encompassing everything 
from initial silicon pr^.i ction to final array assembly. 

The cost goal for the silicon material that goes into 
solar cells is about $14 per kg of material (1980 dollars). 

Semiconductor grade silicon which is currently pro- 
duced via the conventional Siemens process by several major 
manufacturers (Dow-Corning , .Monsanto, Motorola, Texas 
Instruments and Great Western) in the United States is 
too expensive to meet the silicon material cost goal. 

Lower cost silicon is needed for solar cells. Alternate 
processes that depart from the conventional process need 
to be developed by several concerns to produce a less 
costly silicon material. 

Process evaluation - which is a very useful tool in 
research and development - is useful in investigation 
of such alternate processes for solar cell grade silicon. 
The planning and implementation of a research and deve- 
lopment program involves decision making on what work 
can be left out with least jeopardy to short and long 
term consequences and what work should be pursued with 
the best chance for success in achieving short and long 
term goals. Early process evaluation investigation in- 
cluding preliminary economic evaluation aids the decision 
making involved in whether to commit extra funds to carry- 
out a project from research to large scale plant. 


1. ERDA, National Solar Energy Program, Industrial 
Briefing, NASA/ JPL Low-Cost Silicon Solar Array 
Project, NASA Headquarters, Washington, D.C. 
(February 5, 1975). 
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The early study particularly minimizes the risks involved in 
the process development from early research to large scale plant. 
The process evaluation investigation should be initiated with the 
very inception of the research project and continued throughout 
its life until the project is proved successful or abandoned be- 
cause it cannot effectively meet the financial and product purity 
goals . 

In research and development , a screening out is required for 
those projects and proce*‘ses which are believed to be unsound or 
least attractive. Economics dictate that the money should not be 
wasted on projects which may turn out to be useless. The many 
alternate projects and processes which are available necessitate 
the effective use of a screening procedure, not to locate a fool- 
proof venture, but to try to select the best possible project. 

Process evaluation investigation may effectively deal with 
a complete process or part of a process. Major cost areas of a 
process and profitability potential of a proposed process may be 
pinpointed. It is also equally valuable in comparing alternate 
processes and in the selection of processes with the best tech- 
nical and economic features. 

A typical sequence for process selection is presented in 
Figure 1-1, The process evaluation activities are shown in rela- 
tion to their usefulness in the selection of a process for scale- 
up to pilot plant and large scale plant. These process evaluation 
activities (system properties, chemical engineering and economic 
analysis tasks) may be effectively utilized in the investigation 
of alternate processes for low cost, high volume production of 
silicon suitable for solar cells. 

In this process feasibility study in support of Silicon Ma- 
terial Task I of the LSA, the proposed scop© of work is to perform 
investigations and analyses of processes for the low cost, high 
volume production of silicon suitable for solar cells. The objec- 
tive of this program is to validate the commercial practicality of 
these alternate processes based on the following process evaluation 
criteria : 

1. Analyses of Process-System Properties 

2. Chemical Engineering Analyses 

3. Economic Analyses 

Each of these evaluation criteria is focused on the production 
of solar cell grad-j silicon at greatly reduced cost. 
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2. PROCESS SYSTEM PROPERTIES ANALYSES 


2.1 Silane Properties 

Critical Properties (Table 2.1-1) 


Experimental data for the critical temperature and 
pres.gure of silane are available (2, 16, 20, 22, 26, 
27, 29, 46, 47, 49 50, 51), However, all sources 

cite Adwentowski (51), who prepared his sample from 
MgoSi and used the fraction boiling at -116*C. Since 
the boiling point of silane is generally accepted as 
-112®C, these data may not be completely reliable. 

The critical compressibility factor, Z , was esti- 
mated by the Garcia-Barcena method; 


f(T^) - gfT,^/M) 


( 2 . 1 - 1 ) 


where T. » boiling point, ®K; and M » molecular weight 
g/g - mol. The terms f (Tu) and g (T. /M) are shown 
as a nomograph (29). Reid^and Sherwood tested this 
equation using sixteen inorganic compounds and found 
an average deviation of 1.8%. The accuracy of the 
correlation was tested by applying it to similar in- 
organic and organic compounds (NHn, Nnil . , 

Average deviation was 3.6% for the compounds tested. 

The critical volume was found by the real gas rela- 
tion; 


< 2 . 1 - 2 ) 

using the Adwentowski data and the estimated value 

of Z . 
c 

Vapor Pressure (Figure 2.1-1) 

Observed vapor pressure data for silane are avail- 
able (2, 13, 15, IS, 20, 25, 27, 36, 45, 51, 60) over 
nearly the entire liquid phase from melting point 
(mp) to boiling point (bp) to critical point (cp). 

The available data wi re correlated with the least 
squares technique for vapor pressure as a function 
of temperature using the following correlation rela- 
tion (64): 

log P^ = A + I + C log T + DT + ET^ (2.1-3) 

Average deviations were less than J.5%. Greater 
deviations were encountered with other vapor pressure 
equations. For example, average absolute deviations 
exceeded 38% for the Cox -Antoine type equation. 

Heat of Vaporization (Figure 2.1-2 ) 

Heat of vaporization data for silane are available 
only nt the boiling point (2, 21, 22, 23, 27, 41). 
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Thaso data vary less than 1%. Watson's correlation 
(27, 29) was used to extend the heat of vaporiasation 
over the entire liquid phase: ^ 

/T - T 

AH^ - ) (2.1-4) 

where AH - is the heat of vaporization at the boiling 
point (Tp and n » 0.38. 

Heat Capacity (Figures 2.1-3 and 2.1-4) 

Heat capacity of the ideal gas at atmospheric pres- 
sure is primarily based on structural and spectral 
data. Values from the various sources (5, 16, 20, 22, 
25, 39, 44, 52) are in excellent agreement with dif- 
ferences less than 1%. 

Liquid heat capacity data (6) are available in the 
mp-bp temperature interval. The data were extended 
to cover the full liquid phase with the density rela- 
tion: liquid heat capacity x density = constant. 

The constant value was ,2895, Testing of the relation- 
ship with the available data produced average devia- 
tion of 7%. 

Density (Figure 2.1-5) 

Liquid density data for silane are available (2, 15, 
18, 23, 26, 35, 48, 52) from the melting point to the 
boiling point. The Yaws-Shah equation (62) for den- 
sity of the saturated liquid was used to extend the 
data to the critical point: 

-M-T 

p = AB (2.1-6) 

3 

where p » density, g/cm , T » reduced temperature, 

T/T , A, B s= correlation parameters. The correlation 
parameter values for silane are A » 0.2447 and B >■ 
0.3137. Average deviation of calculated and experi- 
mental data was 1.48%. 


Surface Tension (Figure 2.1-6, 


Data for surface tension (7) are available from the 
melting point to the boiling point. These data were 
extended using the Othmer relation (29): 


/T^ - T 


( 2 . 1 - 6 ) 


where o- = surface tension at T- , dynes/cm; T = 
critical emperature, °K; T = temperature, “K, and 
n ®= the correlation parameter, 1.2. Deviations between 
data and correlated values were less than 1%. 


Viscosity (Figures 2.1-7 and 2.1-8) 

The St lei and Thodos correlation (29) was used to 
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augment limited data on gae viscosity (2, 16, 20, 23, 
26, 52, 53, 57) at atmospheric pressure. All data 
sources cite Rankine (57) who made his measurement 
in 1922 at 16" and 100"C. Deviations between data 
and correlation wore loss than 1% for the two data 
values . 

Liquid viscosity data are available (30) in the 
temperature range between the melting point and boiling 
point. The data were extended to cover the entire 
liquid range with the following correlation (03) for 
viscosity of the saturated liquid as a function of 
temperature : 

log = A + B/T + CT + DT^ (2.1-7) 

Correlation values and data were in good agreement 
with average absolute deviation of 1.4%. 

Thermal Conductivity (Figures 2.1-9 and 2.1-10) 

Gas thermal conductivity for silane was estimated 
by the modified Eucken correlation for polyatomic 
gases. The Eucken correlation agrees well with Svehla 
(40); deviations were less than 1%. There are no 
experimental data available for gas thermal conduc- 
tivity . 

Liquid thermal conductivity for silane was estimated 
with the modified Stiel and Thodos relation (29). The 
correlation was tested with experimental data for meth- 
ane. The average deviations were less than 17%. The 
deviations for silane are probably in the same range, 
The presented results are intended to represent correct 
order-of-magnitude values. 

Heat of Formation and Free Energy of Formation 
(Figures 2.1-11 and 2,1-12) 

Values for the heat of formation, AH „ , and free 
energy of formation, AG,,, are available from Ameri- 
can (39) and Russian (12) sources. Average values 
were selected. The deviation between data and selected 
results was 0.2 K cal/mol. 
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table: 2.1-1— critical constants and physical 

PROPERTIES OF SILANE 


Idgntlfloatlon 

Formula 

State (std, oond.) 

Molecular Weight , M 

Boiling Point, Tj^,*C 

Melting Point, T^^, *C 

Critical Temp, T^, *C 

Critical Pressure, P , atm 

c ' 

Critical Volume, V , 
cm'^/gr mol ^ 

Critical Compressibility 
Factor , 

Critical„Density , p 
gr/cra*^ 

Acentric Factor (0) 


Silane 

SiH^ 

gas (colorless) 

32.12 

-111.9 

-184.7 

-3.5 (Questionable Value) 
47.8 (Questionable Value) 

130.06 (Estimated) 

0.281 (Estimated) 

0.247 (Estimated) 

0.0774 
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Figure 2.1-6 Surface Tension vs. Teaaperature for Silane 
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2,2 s 11 loon Tstrochlorlds Proport loR 


CyltJcal Proportloo (Tablo 2.3-3.) 

Bscporlmontal rosulto for tho critloal tomporaturo, prosiuro and volumo 
of Bllloon totraohlorldo aro availablo (Q5, D8, B9/ Bll, B32, D33, B35, B36, 
b 44, B30, BSQf B59, BG2, B83) . Tho rosulliB among tho Bovoral invoBtlgators 
euro in gonoral agroomont. Dovlatlons from tho solootod valuoo aro 1.71%, 
0.3%, and 10.8% roipoctlvoly for critical tomporaturo, prooouro and volumo. 

Ttio critical comprosslblllty factor, Z^, waa calculatod using tho fol- 
lowing aquation: 


Z^ - PcVc/RTc (2.2-1) 

Also givon in tho tablo aro valuoi for tho aoontric factor, co which 
1 b doflnod by; 


w « -log Pj. - 1.000 (at Tj. - 0.70) (2.2-2) 

Tho acontric factor is an important paramontar in gonai’aUzod tharmodynamic 
correlations involving virlal coafficiants, comprassibility factor, enthalpy 
and fugacity. 

Vapor PraBsuro (Figura 2.2-1) 

rKparimental vapor prassuro data for silicon tatrachloride are available 
(B7, B22, B24, B27, B30, B32, B43, b 53, B78, B103) from slightly above the 
melting point (mp) to boiling point (bp) and at the critical point (cp) . 
Availablo data ware axtrapolatad using the YSSP vapor pressure correlation 
(B102) I 


where 


log P^ « A + ~ + C log T + DT + ET 


(2.2-3) 


Py ■’ vapor prassura of saturated liquid, mm of Hg 
A, B, c, D, E “ correlation constants for chemical compound 

T ■ tamparatura, ®K 

The correlation constants (A, B, C, D and E) ware determined using a 
generalized least squares computer program for minimizing deviation of 
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calculabad and axpairiinantal data valuaa acx^anad from tlia lltarabur*. Avtraga 
abaoluta daviatlon waa about 0.7% for bha flfty-alghb date points. 

Haat of Vaporisation (Fiqura 2.2-3) 

Haat of vaporisation data for silicon totraohlorids ars availabla only 
at tha boiling point (D5r Bll, B22, B30# B36« B65/ B82, B66) . Watson's 
oorralation was usad to axtand tha haat of vaporization ovar tha antira liquid 
phasa t 



whara is tha haat of vaporization at tha boiling point (Tj^) and n ■ 0.38. 

Hant Capacity (Flguras 2.2-3 and 2.2“4) 

Haat capacity data for silicon tatrachlorida as Idaal gas at low pressura 
ara availabla (D3, BIO, B17, B20, B28, B32, D3<1, B43, B45 , DS2, B67, B73, B76, 
B82 , B84, B86, B91) . Tha valuas, which arc primarily basad on structural and 
spectral meaauramants , ara in closa agroamant. 

Tha heat capacity data for the gas phase were correlated by a sarics ex- 
pansion in tempera tura 

Cp - A + BT + CT^ + DT^ (2.2-5) 

where Cg - heat capacity of ideal gas at low pressure, cal/(g-mol) ("K) j A, 

B, C and D ■ characteristic constants for the chsmical compounds; and T ■ 
temperature, “K. Average absolute deviation is about 0.6%, 

Liquid heat capacity data ara availabla (B5, B22, B28, B30, B26, B43, BS2, 
B60, B65, D76, B77, BS2, B104) in the mp-bp temperature interval. Tha data 
ware extended to cover tha entire liquid phase with tha relation: 

liquid haat capacity x density • constant (2.2-6) 

The constant value waa 0.3054. Testing of tlie relationship with the available 
data produced average deviation of 4%. 

Density (Figure 2,2-5) 

Liquid density data ara available (Bl, B49, b 50, B59, B65, B77, B79, BBl, 
b 82) from near the melting point to the critical point. Tha Vaws-Shah equa- 
tion (BlOO, B107) for denisty of the saturated liquid was used to extend the 
data to the critical point: 


P 


^-(1-T^) 


2/7 


(2.2-7) 


The agreement of calculated and experimental values was very good with aver- 
age absolute deviation of only 0.44%. 




Data for aurfaoa tanaion (B5, D22, B27 , B49, BB2) ara availabla in tha 
malting pcj^jnt to boiling point tamparatura ranga. Tha data wara axtandad 
uiing tha dthmar raaltiont 



(2.2-B) 


whara •• aurfaoa tanaion at Tj^, dynaa/om 
" oritioal tamparatura, *K 
T tamparatura, "K 

and n ■ tha oorralation paramntar, 1.14. Taating of tha relationship with 
tha available data produaad avaraga deviation of lass than 1%. 


Viscosity (Figure 2.2"? and 2.2 t.S1 


Tha modified Yoon and Thodos correlation (BIOS, B106) was usad to augment 
limited data (B36, BSD on gas viscosity at low pressure; 


« 4.610 T °’®^®-2.04 a"®*'*'*® ^r + 1.94 + 0.1 (2.2-9) 

r 


, t m “2/3 

whara t “ T M P 
c c 

Tha deviation between data and correlation was 2%, 


Liquid viscosity data are available (B5, B8, B32, B36, B49, B51, 6107) 
in both mp“bp and bp-cp temperature ranges. The data were extended to cover 
tha entire liquid range with tha following correlation (B107) for viscosity 
of the saturated liquid as a function of temperature. 


log 


A + B/T + CT + DT 


2 


( 2 . 2 -] 0 ) 


Avaraga deviation batwean correlation and data was less than 3%. 
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Thtgmal Conductivity (Plqura 2.2~9 and 2.2>»10) 

Qaa-phasa tharmal conductivity data ar« availablo (B75/ B109) in tha 
tomparatura ranga of 70 to 300**C. Tha data ware oorralatad by a sariaa 
oxpansion in tamparatura (B107) j 


X » A + BT + CT^ + DT^ 
G 


(2.2-n) 


whare X„ « gag thamtal conductivity, oal/omx8aox‘’C; A, B, C and D ■ ohnrac- 
teriatiS constantg for tha ohamical con^ounda and T ■ tamparatura; ”K. Tha 
extlmatag of Svahla (B73) agrea with tha above oorral&tior* Tha deviation 
batwaan data «u.d correlation values was 1,10%. 


Tharmal conductivity for liquid phase is available (B25) at only one 
temperature (32**C). Tha modified Stiel and Thodoa aquation (B107) was used 
to covar the antlra saturated-liquid phase. 

Heat and Frea Energy of Formation (Figures 2. 2^-11 and S.2^.^ 2^ 

Values for tha heat of formation (Ah_) and Gibbs' frea energy of forma- 
tion (AGf) for tha ideal gas are available from American (B72) and Russian 
(Bl7, B64) sources. American values were selected. 
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TABLE 2,2-1 


CRITICAL CONSTANTS AND PHYSICAL PROPERTIES OP SILICON TETRACHLORIDE 


Idantifi nation 

Formula 

Stata (Std. Cond.) 

Molecular VJeight, M 

Boiling Point, 1^, ®C 

Malting Point, Tj„, "C 

Ci'itjoal Tamp., T^, “C 

Critical Pressure, p^, atm 

Critical Volume, V^,, cm^/grmol 

Critical Compressibility 
Factor, Z^_, 

Critical Density, 

Pc, gr/cm^ 

Acentric Fao-or, to 


Silicon Tatraohlorlda 
SiCl4 
Liquid 
169.90 
57.3 
-69.4 
234.0 
37.0 
326.3 

0.290 

0.5207 

0.2556 
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Figure 2.2-9 Gas Thenaai conductivity vs Temperature for Silicon Tetrachloride 
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Figure 2.2-12 Fr^e Erergy of Fonaanion vs Tesqprezature for Silicon Tetrachloride 
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2.3 Tr Ichloiroti lana Propartilas 


Critical Pfopertlas (Tabla 2.3-1) 

Bxparimantal data for tha critical temperatura and critical volume ara 
available (G33| G28) from a HuBsian investigation of orthobar ic densitias 
and critical paramaters. The critical pressure for trichlorosilcma was 
estimated by Lydsrsen method (G62( G67) s 


p M ; 

(EAp + 0.34)'" 

where P^, is critical pressure (atm ) , M is molecular weight (gr/gr-mol) , and 
Ap is critical property increments for atoms making up the molecule. This 
method produced only 1.6% error when compared with the experimentally deter 
mined critical pressure of silicon tetrachloride. 


The critical compressibility factor, 

P V 

z, - -2-S. 

c R T 


Z^, was calculated form its definl 

(2.3-2) 


Vapor Pressure (Figure 2.3-1) 

Observed vapor pressure data from several sources (G15, G29, G44, G61) 
for triclilorosilans ara in general agreement from -85 “C to just above the 
boiling point. The experimental data ware extended to cover the entire 
liquid phase using the YSSP correlation relation (G63) : 


log Py - A + I + C log T + DT (2.3-3) 

where 


P^ « vapor pressure of saturated liquid, mm of Hg 
A, B, C, D “ correlation constants for chemical compound 
T » temperature, ®K 

The deviation of experimental and correlation results was small at 0.8% 
error for the 36 available data points. 





Haat of Vaporization (Figura 2.3-2) 


Hast of vaporization data for trichlorosilana ara available only at the 
boiling point (G25, G18, G3S, G46, G27) , Using the known value at the boil- 
ing point, Watson's corralation (G62) was usad to axtand tha heat of vaporiza- 
tion over the entire liquid phase* 


Ah 


Ah. 


vl 


T - T 

1 _£ 

T - T, 

L 1 


n 


(2.3-4) 


where n ■ ,38 and AH^^^ applies at tha boiling point • 


Haat Capacity (Figures 2.3-3 and 2.3-4) 

Heat capacity of tha ideal gas at low pressure has been calculated by 
various Russian (G23, G25, G45, Gil), American (G53, G56) and other (G6, G30) 
workers. The values, taken from various structural and spectral data, are 
in close agreement. The JANAf values (G53) ware salected. 

Tha liquid heat capacity of trichlorosilne is reported to be .23 between 
25 and 60®C (G19, G46) . The values are extended over all liquid temperatures 
by the relationship: 

Heat Capacity x Density - Constant (2.3-5) 

The constant, C. , was estimated to be 0.298. 

Testing of this ralaitonship with available data for silicon tetrachloride 
produced an average deviation of 4%. 


Liquid Density (Figure 2.3-5) 


Liquid density data for trichlorosilane are available from -10 “C to the 
critical point (G33, G32, G61, G12, G26) . The experimental data was extrapolated 
to the melting point by use of the Yaws-Shah relationship (G63) for saturated 
liquid ! 


Pl“ 


^-(1-T^) 


2/7 


(2.3-6) 


where A “ .4856 and B » .2618. Correlation values and experimental results 
were in close agreement. The deviation was less than 1% for the “I l'•>^lished 
data points from several independent sources. 
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Surfaca Tanslon (Figura 2.3-6) 


Data for tha surfaca tansion of trichlorosilana ara availabla from 0*c to 
40*0 (G32, G26) . Thasa data wara axtandad using tha Otlimar ralatlons (G63) i 


a 



(2.3-7) 


whara ■ surface tansion at i dynas/cm, and n ■ tha correlation parameter, 
1.2. The other parameters have their usual meaning. Deviations between data 
and correlation valuas ware 3 % or lass, largely due to the deviations between 
reported experimental values. 


Viscosity (Figures 2.3"7 and 2.3-S ) 

Data for tlie gas viscosity of trichlorosilane were available only at 0®C 
and at boiling point (G25) , The values at higher temperatures were estimated 
using the modified and revised corresponding-state method of Thodos and Yoon 
(G67, G68) : 


"a’- 


4.610 T 


0.618 


2.04 e 


-0.-449Tr 


+ 1.94 o 


■4.0D8T, 


r + 0.1 (2.3-8) 


where n_ ■ viscosity, C ■ ^ , and Tj. is the reduced temperature. 

The percentage error was lass than .4%. Tasting with silicon tetrachloride gave 
good agreement of correlation and experimental results (16 data points produced 
a 2% deviation) . 


Liquid viscosity data for trichlorosilane are available from -7®C to 60“C 
(G32, G26, G19, G25, G46) . At low temperatures (from the boiling to the malting 
point) , values were estimated using the log Ox, vs 1/T linear relationship. At 
high temperatures (up to the critical point) , tha Stiel and Thodos correlation 
was used with » f(Zc,Tj.) where f(2)^,Tj.) is given as a generalised liquid 
V scosity correlation (G62). The percentage error with the available experimental 
data was about 2%. 
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Tharmal Conductivity (Figura* 2.3-9 and 2.3-]0) 


Tha gaaaouB tharmal conductivity of trichloroB liana has racantly baan ra- 
portad from 46“C to 350*C (G66) , Tha axparimantal valuai wara axtandad using 
a modifiad form of tha Misic and Hiodos oorralation (G63, G67) j 

“ V'*' (14.52 T^, -5.14)*^ (2.3-9) 


whara n ■ .71. Tha avaraga absoluta percent aga error was 1.5%. 

Liquid tharmal conductivity data for tr Ichl Jiouil-ane are not available. 
Using tha estimation method of Sheffy aua Jonnson (Gb2) i 

- {(4.66) (10“^ tl-. 00126 CT - %) 1 /Tj„* } (2.3-10) 

■ 2.783 X lO”*^ cal/cm x sac x "K was derived for tlx value at 60®C. 

Using the Pachaiyappan-Vaidyanatha^i method of est.mation ^G64) t 

- 8.84 X It (2.3-11) 

the value of 2.64 x 10~^ ca./cm x sec x "K was derived for 60®C. 


These estimation methods produced errors of 16% and 17.5%, respectively, on 
the one published value for Slcl^; and hence, should be taken to represent only 
an order of magnitude estimate. The estimate was extended over the entire liquid 
range using a modification of the Stlel and Thodos method (G62, G63) : 


f(pj 



(2.3-12) 


Heat and Free Energy of Formation (Figures 2.3-11 and 2.3-12) 

Values of the heat (AHj) and Gibb's free energy of formation (Ag^) for the 
ideal gas are available from various Russian (Gil, G45) , American (G53) and other 
(G6, G30) sources and are in close agreement. The American values were selected. 
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TABUS 2.3-1 


critical Conitanta and Physical Prop«rti«a of 

Identification 

Formula 

State (std. cond.) 

Moloculnr Weigl.t, M 

Bol'ing Point, Tj^, "C 

Melting Point, T , "C 
tn 

critical Temp., T , "C 

Critical Preeeure, p , atm 

c 

3 

Critical Volume, V^,cm/gr mol 
critical Compresaibility Factor, Z 

c 

Critical Density, P^, gr/cm^ 

Acentric Factor (fl) 


*Er,timated 


Trichloroeilane 

Trlchlorosilane 

SiHCl^ 

liquid 

135,453 

31.8 

-125.6 

20G 

40.01* 

268 

.273* 

.505 

.188* 
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2. A Dichlorosllan* Propartlas 


Phygleal PropTUi«g and Critical ConitantB (Tabla 2.4-1) 

Physical proper tios and critical constants ars listsd in Tabla IA-1 
for dichlorosilans. Values of critical taniparatursi T^r critioal prassurSf 
Pc« and critical voluma, V^, for dlchlorosllane ware astimatad by using 
Lydarsan's structural contribution method with derived critioal preparty 
increments for silicon (H16) . This method produced only 2.3% error for 
and 3.4% error for Vc when compared with tha experimental values of tri- 
chloroslla.ie and it produced 0% error for Tci V^./ ^uld Pq when compared with 
tlie known values of silicon tetrachloride. The estimated values for the 
known values for the critical properties are also within reasonable agree- 
ment (4% fox Tj,, 0.2% for Pp, and 14% for V^) of calculated Russian values 
(HIO) . 

The critical compressibility factor, Zq, was determined from its 
definltioni 


Zc 


V^RT^ 

Pc 


(2.4-1) 


Tha result from Eg. (IA-1) was the same as that derived by the Garcia- 
Barnana' boiling point method (H16) i 


Zc - f(Tjj) - g(Tb/M) 


(2.4-2) 


Vapor Pressure (Figure 2,4-1) 

The vapor pressure of dichlorosilane has been determined from -0O“C to 
30“C (H23, H35) . Tlie experimental data was extended over the entire liquid 
range using the YSSP vapor pressure correlation (H30 ) i 

log Pv - A + I + C log T + DT + ET® (2.4-3) 

where Pv is the vapor pressure of saturated liquid, mm Hg; T is temperature, 
“K; and A, B, C, D, E are correlation constants derived using a generalized 
least squares computer program. Average absolute deviation was about 1% for 
the 13 experimental data points. 
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H«at of Vaporltation (riquro 2.4~j ) 


Haat of vaporisation data for dichlorosilane are available only at the 
boiling point (HI, HO, HIO, H19, H31) . Ueing the known value at the boiling 
point, Wation's correlation v.'a« used to extend the heat of vaporisation over 
the entire liquid phaboi 


AHv - AHw 

I 



(2.4-4) 


whore n - .38 and appliee at the bojUnq p<.>int (Tj) . 

Heat Capacity (Figures 2.4-3 and 2.4-4) 

Ideal gae heat capacity data for dichloroni lane are available from various 
American (H5, H13, H25, H26) , RusBian (H6, h 7, HlO, H12, H32) and other (M9, H33) 
worlters. The vlauea, which arc in close agreement, are baaed on bend additivities 
and spectral moasurement. Tlie JANAF values were selected. 

Measured eatmated-l iquid heat rapacity data fr.r . ichlorosilano are unavail- 
able in the literature. Values were estimated from -60°C to 60”C using the Yuan 
and Stiel corresponding state method (Hit’). Fui polar liquids, the correlation 
takes the for.Tis 



f-u){Ac 




+ X(Af 




X' (Ac^^)’ 


.( )P) 


+w 




{/.C 


|5p) 


(2,4-5) 


where Cg is the ideal gas heat capacity , u> is the acentric factor, X is tlie Stiel 
polar factor and the funrionwr , etc, an? tabulated as functions of the 

reduced temperature. Ute relat io.i.ship that heat capaci'-y times density is con- 
stant was used to extend the values over the entire liquid range. Application of 
the Yuan and Stiel correlations to silicon tetrachloride, trichlorosilane, and 
sillccii tetrafluoride gave average ab.solute percentage errors of 3.1, 6.7, and 
4.3 respectively. Due to the limited experimental data points, the calculated 
liquid heat capacities should be considered as nrder-cf -magnitude estimates. 


Density (Figure 2.4-S) 

Liquid density data are available at the molt! ? point (H8, H9, HIO, H18, 
H27) and at 7°C (H35) . The limited data wr e oxtendc i over the entire liquid 
range using a modification of ti^o Rackett < piation: 


M =■- (V 


.-(1-T.-) 


2/7 


(2.4-6) 


where P(j is critical density, is reduced temperature and Z is a parameter 
defined by the experimental data. 
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Surfacci Teiiiion (Ftqura 2. 4-6) 

Tha Brock and Bird corraapondlng statas mothod (H16) was used to estimate 
the surface tension of dichlorosilane since no experimental data is available. 

The equation 1st 

a - (0.133 ttc - 0.281) (1 - (2.4-7) 

where 0 is surface tension ^ dynes/cni/ is the Riedel parameter ^ Pc is critical 
pressure, atm. j is critical ti'Hi. er ature, ®K; and Tj- is the reduced temperature. 

Application of this method to iJtcon tetrachloride and trichlorosilane gave re- 
sults within 4% and 0.8% absoluU/ deviation v?ith expo ..-sntal data, respectively. 

Viscosity (Figures 2.4-7 and 2.4-8) 

Gas viscosity calculations at low pressure were made using the methods of 
(?) Yoon and Thodos for non-hydrogen-bo .ding polar gases, (2) Golubev, and 
(3) Reichenberg (H16) . Since the calculated val’..;as were in close agreement, 
they were fitted to the series expansion: 

Hq « A + BT + Ct2 (2.4-8) 

where Hq in micropoise; T is temperature, “K; and A, B and C are computer de- 
rived parauetsrs using a generalised least squares program. The average absolute 
percentage deviation was lass than 1.8%. 

Liquid viscosities at temperatures below the boiling point were calculated 
using the methods of Thomas, and of Morris (up to eo^C) (H16) . Values from the 
boiling point to the critical point were calculated using the correlation methods 
of Letion and Stiel, and Stitsi and Thodos (H16) . Calculated values were extended 
over entire liquid raaga and fitced to the equation; 

log » A + -|- + CT + DT^ (2.4-9) 

where r|j^ is in centipoise; T is temperature, ®K,- and A, B, D and D are derived 
paraniPters using a generalized least squares computer program. This was done 
in order to fit together the calculated values which apply in the different 
temperature ranges. The average percentage deviation was 3.3% with the greater 
deviation being near the melting point; therefor® , this should be considered to 
be an order-of-magnitude correlation. 
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ThTmal conductivity (Flgurag 2.4-9 and 2.4~1Q> 


Ca*-phafl9 thamal conductivity data ara availabla from 28“C to 350“C 
(H26) , Tho data wars corralatad and extandad to higher tamporaturas by a 
series expansion in temperature; 

Xq X A + BT + CT^ + DT^ (2.4-10) 

where X^. is gas thermal conductivity, cal/cm x sec x ®Cf T is temperature, 
®Kj and A, B, C and D ara computer derived constants characteristic of the 
chemical compound. The absolute deviation between data and correlation 
values was less than 0.5%. 


Thermal conductivity data of the liquid phase is unavailable. Modifi- 
cations of the estimfition methods of Sato and Reidel (Hl6) ; 


2.64 X 10 


-3 3 + 20 (1 - Tj.) 


2/3 


M 


1/2 


3 + 20 a - 

b 


2/3 


(2.4-11) 


and of Robbins and Kingrea (H15) : 


(Ba - 4.94 H) X 10 
AS* 


-3 


.55 „ 4/3 

— 

r b 


(2.4-12) 


where used to derive values at 32"C. These modified estimation methods pro- 
duced error of less than 1% absolute deviation on the one published value of 
SiCl4. The average of the estimate at 32**c was extended over the entire liquid 
range using a modification of the Stiel and ThoUos method (H16) : 


f(Pr) 


I’Zc 


5 


(2.4-13) 


The modified Sato-Reidel equation produced a similar range of values. Since 
assumptions in these calculations include the accuracy of the one data point 
for sili-on tetrachloride and the chemical similarities in a homologous series, 
these values should be consid 'red only order -of-magnltude estimates. 


Heat and Free Energy of Formation (Figures 2.4-11 and 2.4-12) 

Heat Ui. formation and Gibb's free energy of formation for the ideal gas 
have been estimated by Russian (H32, h 36) and American (H2S) workers up to at 
least 1500"K. Some estimated values differ significantly having about 35"; de- 
viation for AHf and about 45% deviation for AGf (H32, H36) . The jaNAF values 
(H25) werr selected. 
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TABLE 2.4“1 


CRITICAL CONSTANTS AND PHYSr.CAL PROPERTIES OP DICHLOROSILANB 
Idantificatlon r dchloroailane 


Pormula 

SiH2Cl2 

State (std. cond. ) 

gas 

Molecular '.jaight, M 

101.008 

Boiling Point, Tj,, "C 

8.3 

Malting Point, T^, °C 

“122.0 

C’^iti^al Temperature, Tq, “C 

178.9* 

Critical Pressure, P^,, atm 

44.0* 

Critical Volume, V^, cm^/gr mol 

228.3* 

Critical Compraasibility Factor, 

.276* 

Critical Density, p,, , gr/cm^ 

.4424* 

Acentric Factor (u) 

.1107 


*Estiinated 
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Vapor Pressure vs Temperature for Dichlorosilane 
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HEAT OF VAPORIZATION (CAL/GR) 



Figure 2.4-2 Heat of Vaporization vs Temperature for Dictilorosilane 
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Figure 2.4-3 Gas Heat Capacity vs Temperature for Dichlorosilane 


LIQUID HEAT CAPACITY (CAL/GRx°C) 



Figure 2.4-4 Liquid Heat Capacity vs Tsaperature for DicMorosilane 
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Figure 2.4-5 Liquid Density vs Teniperature for Dichlcarosilane 
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Figure 2-4-6 Surface Tension vs Temperature for Dichlorosilane 
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Figure 2.4-7 Gas Viscosity vs TeH 5 >eratTxre for Di.chlorosilane 
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Figure 2.4-8 Liquid Vir.cosity vs Ter^erature for picfalorosilane 
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Figure 2.4-9 Gas Thenaal conductivity vs TesHperature for Dichlorosilane 
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Figure 2.4-10 Liquid Thermal Conductivity vs Tei^>erature for Dichiorosilane 
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Figure 2.4-11 Heat of Formation vs Temperature for Dichlorosllane 
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Figure 2.4-12 Free Energy of Formation vs Temperature for Dichlorosilane 
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2.5 Silicon Tatra fluoride Propartlaa 


Phyaical Propartlag and Critical Constants (TabXa 3>B-D 

Physical propartias ara listad in Tnbla lA-1 including tba boiling point 
(sublimation tamparatura, whara tha vapor prassura of tha solid is 760 mm Hg>). 
Tvk) tamparatura ara givan in tha litaraturo for tha malting point (triple point) 
of silicon tatrofluorida based on tha worlc of Patnoda and Papish (P37) In 1930 
and the work of Pace and Nossar (P36) in 1963. Tha more racant wox*k was selactad 
<>s the molting point (triple point, where solid, liquid and vapor ara in aquil- 
Ibrium) . 

Exporimantal data for tlia critical tamparatura and critical prassura of 
silicon totrafluoride have baen daterminad (P4). Tha critical comprasiibility 
factor, 2^, '■fas astimatod from tha Garcia'- Barca na' correlation (F39) s 

2c - f(T^) - g(Tj^/M) (2.5-1) 


where Tj^ is tlia normal boiling point, *K, and M is the molecular weight. Whan 
ihifl method was applied to sulfur hexafluorida, another subliming inorganic 
fluoride, the calculated value of tha critical comprassibility factor only 
deviated 3.3% from the known value. From tha estimated value of Z , the 
critical volume, V , was calculated by tha raarrangemant of the definition of 
Zc- 


Z RT 
c c 


(2.5-2) 


Vapor Prassura (Figure 2.5-1 ) 

The vapor pressure of silicon tatrafluorida has been determined experi- 
mentally from 50® below tha sublimation point to near the critical point (F4, 
F37, f 41) . The experimental data were extended to cover the liquid range 
(fro: triple point to critical point), and for tha solid (below the triple 
point using the YSSP correlation in each case; 

log Py » A + + ClogT + DT (2.5-3) 

At the Higher temperatures the deviation of exparimontal and correlation results 
arc 2» while tha average percent error was 4.8% in tha lower temperature range. 
Mtjch of the deviation is due to rather poor agreement in the literature for the 
oxpci imonal values. 
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H»flt oC v^porlKAtlon (riqura 3.b-4) 


ilvAt of VAporlMtilon data for silicon totraf liter ida ara raporkod nsar bha 
triple iKiint (JT2<1, ?29, P36, P41, P60) . Using tha salaotad valua (P36) , Wat- 
son's correlation (l''39) was usad to axtand tha haat of vaporisation over tha 
entire liquid phasat 






(2.S-4) 


where n - .30 and Tj^ Is the boiling pnint. Tha valua of Hy. was affactivaly 
('onfirmed using the Clausius-Clapyron equation and Litaratura vapor prassura 
values (F36) , 

t» ‘at .apaclty (Figures 2 , 5-3 and 2.5-4 ) 

Heat capacity of the ideal gas at low prossuro has baan calculated from 
t)"t' to l.?oo*c (MB, F63) . These values, including other values covering 
Ktrwller temperature ranges (ril, P24, P26, P29, F35, F60) , wore taken from 
various structural and spectral data and are in close argaamant. The JANAF 
values (F4B) were selected. 

The liquid heat capacity of silicon tatrafluoride is reported near tha sub- 
l im.it ton point (F36) . The values are axtendad ovar til liquid tamparaturas by 
the 1 1 ' Int ionsliipi 


ilp.nt Capacity x Density - Constant 


(2.5-5) 


The cut invited constant was 0.473. Tasting of this relationship with available 
d.(t.i (-1 d.ita points) for silicon tatrafluoride produced an average absolute 
ilcviat ion of O.H\ error. 


t_Uiuj d n«niaitv (Figure 2.5-b) 

iiiqnid density data for silicon totraf luoride are available only within 
.iboiK .'0 degrees of the triple point (F26, F60) . The e.xporlmuntu 1 dataware 
extrnpol Ated to tha critical point by use of a modification of the Racket t 
equ.it ion (K(>5, Fbfi) i 

-U-T )^/’ 

P - p Z ^r' (2.5-6) 

c 


wlu'ii , , IS the critical density, T^. is the reduced temperature, and Z is a 
iMi.i'ietei derived from available data. Comparison of the calculated and ex- 
I'l'i itnent . 1 1 values of 5 data points gave 0.57% average absolute error. 
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gurfnctt Taniion (Plqur« 2.S"6) 


Sxpttrimsntal data ara not avalXabla for th« aurfaca ttnaion of ill icon 
totrafluorlda. Tha Brock and Bird comiponding statu tochniqui was uiad 
to sstimats tha surfaca tansion (F39) t 

a » (0.1^3 Op - 0.281) (1-Tj.)^^^® (2.5-7) 

whara a Is surfaca tansion, dynas/om; ttg is tha Riadal parainotar; is 
critical prassura, atmj T„ is tha critical tomparatura, 'K; and Tj; is tlia 
rsducad tamparatura. Application of this tachniquo to silicon tatrachlorida 
and sulfur hsxafluorida gavo rssults within ..*% and 1% absoluta davlation 
witli axparimantal data, raspactlvaly. 


Viscosity (Flquros 2,5-7 and 2.5'~8 ) 

Exparimantal data for tha gas viscosity of silicon tatrafluorido arc 
availabls from about room tsmporatura to abova 300®C (P13, F32) . Tha values 
at highar temperauros were estimated using the relationship t 

log Hq - A + BT + CT^ (2.5-8) 

Tha average absoluta percentage error was 1.74% when correlated values ware 
compared with the 28 experimental data points. 

No experimental data are avail^lbla for tha liquid viscosity of silicon 
tatrafluorido. Estimates were derived applying the Letsou-Stial high-tomp- 
araturo liquid- viscosity correlation (F65) : 

^ (2.5-9) 

where the parameters (n^C)^ and (8^0^ are functions of reduced temperature, 

w is tha acentric factor and ^ ' . This correlations gave 

results within 17% and 48% absolute devialton for the experimental values of 
silicon tetracloride and sulfur hexafluoride, respectively. Since liquid 
viscosity estimation methods may be grossly inaccurate (F69) , these values 
must be assumed to be order of magnitude estimates only. 
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ThaymaX Conductivity (Flguraa 2.S~9 and 2.5-10 ) 

Tha gaaaoui tharmal oonduotlvity of silioon tatrafluorida haa baan 
raportad from about room tamparatura to 350®C (F9, F68) , Tha axparimantal 
valuaa wara axtandad uaing a modified form of tha Miaic and Thodoa oorrala 
tion (F66) 5 


do"®) (14.52Tj. - 5.14)" (2,5-10) 

whara n ■ .63, T is , Tj. is tha reduced tempera tura and Cp 

is tha gaseous heat capacity. The average percentage error was less than 
one percent. 


Mo liquid thermal conductivity data are available; however, values wara 
astiinatad using tha Sato-lUadel equation (65) ; 


2.64 X 10 


-3 


M' 


i/2 


3 + 20(1-Tr) 


2/3 


3 + 20(1-Tr^) 


2/3 


(2.5-11) 


where M is molecular weight, T_ is the reduced temperature, and Tj,. is tha 

(3 

raducad temperature at the boiling point. This correlation gave 34% error 
with tha single experimental data point for silicon tetrachloride and 24% 
error for sulfur hexafluoride with tlie several experimental data points. 
There is considerable deviation of values among the several different data 
sources (22% maximum deviation) . The present results should be t«ken only 
to represent an order of magnitude estimate. 


Heat and Free Energy of Formation (Figures 2.i , > '^ 1 and 2.5-1 2) 

Many American workers (F20f F24, F29, F34 , P35, F48, F57, F58) and 
others (F40, F43) have reported heats of formation was wall as Gibb’s free 
energy of formation (F4B, P56, F58) for the ideal gas. The JANAF values 
(F48) were selected. 
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TABLB 2.S-1 


PHYSICAL PROPERTIIBS AND CRITICAL CONSTANTS OF SILICON TBTFAFLUORIDE 


idantlgicAblon 

Formula 

StntQ (std. cond.) 

Molacular waight, M 

Boiling point, T^^, "c 
(sublimation point) 

Malting Point, T^, ®C 
(tripla point) 

Critical Tamp, T’ , *C 

w 

Critical Prassuro, P , atm 

c 

3 

Critical Voluma, \j , cm /gr mol 

G 

Critical Comprassibllity Factor, z 

G 

3 

Critical Dansity, p . gr/om 

c 

Acantrip Factor (w) 


Silioon Tatrafluorida 

SiF. 

4 

gas (colorlass) 

104.08 

-95.7 (760 mm Hg) 

-86.8 (1679 mm Hg)*Ref. P36 
-90.2 (1318 mm Hg) Raf. F37 

-14.15 

36.66 

165** 

0.284** 

0.6308** 

0.4086 


* Salectad Valua 

**Eatimatad 
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TEMPERATURE (°C) 


Figure 2,’j-l v«apor Preesure vs Temperature for Silicon Tetraf luoride 
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Figure 2.S-2 Heat of Vaporization vs Tea^rature for Silicon Tetraf looride 
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Figiare 2.5-3 Gas Meat Capacity vs "enpsrature for Silicon Tetraflnoride 
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Fiqure 2*5-4 Liquid Heat Capacity vs Tes5>eratare for Silicon Tetra fluoride 
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Figure 2.5-5 Liquid Density vs Tai?>erature for Silicon Tetraflocaride 
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Figure 2.5-6 Surface Tension vs Taaperature for Silicon Tetrafluocide 
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Figure 2.5-7 Gas Viscosity vs Tanperature for Silicon Tetral luoride 
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Figure 2.5-8 Liquid Viscosity vs Tesroerature for Silicon Tetrafluoride 
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Figiire 2,5-10 Liquid Thermal Conductivity vs Temperature for Siiiccai Te?tra fluoride 
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Figure 2.5-9 Gas Thermal Conductii/ity vs Tanperature for Silicxin Tetrafluoride 
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Figure 2.5-11 Heat of Fonaation vs Taaperature far Silicon TetrafluorMs 
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Figure 2.5-12 


Free Energy of Formation vs Teuaperature for Silicon Tetrafluoride 
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2.0 SUlcon Propertlea 


PHYSICAL PROPERTIES (TABLE 2.6-1) 

Expsrlmentiil value* for the melting point have been reported 
(1, 32, 40, 07, 110); however, all other valuee have been calculated. 
Estimated value* for the boiling point range from 2286*C to 3267*C 
(10, 31, 02, 56, 100, 124, 126, 137). Our value i* estimated to 
give a reasonable computer fit to the available vapor pre*«ure data. 
Estimated values of critical properties are reported by van Laar'« 
calculation (5, 34, 43, 44, 101, 125), Baibus (4) and Gate* and 
Thodos (31 , reported in Table I-l). Solid properties listed in 
Table I-l aif at room temperature while liquid properties are at 
the melt Int r ''i nt . 


VAPQU PHF.3 i >lUK (FIGURE 2.0--1) 

Recent vapor pressure data reported by American (1, 18) and 
British (0) workers w<»re selected and extended using the YSSP vapor 
pressure correlation (157); 

log Py - A + Ip + C log T + DT + ET^ (2.6-1) 

where P„ is the vapor pressure of saturated liquid, mm Ilg; T Is 
temperature, *K; and A, B, C, D and E are correlation constants 
derived using a generalized least squares program. Other data 
(10, 125, 142) weri* not used because of high percentage error which 
Is reported to be due to extensive reaction of the silicon (54, 105). 
For the 44 experimental data points used (which are all in the 
range below 0.2 mm Hg) the average absolute deviation was 17%. 


HE AT OF VAPORIZATION (FIGURE 2.6-2) 

Heat of vaporization values of about 3850 cal/gm are available 
(1, 6. 18, 55) as well as older (10, 125a, 147) and Russian (142) 
values of about 3170 cal/gm. From the vapor pressure data near the 
melting point, the heat of vaporization was determined using the 
Clausius-Clapyrin equation. Using these values, Watson's correlation 
(165) was used to extend the heat of vaporization to the boiling 
point • 
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wh«r 0 n •• 0.3P {ind all othor torms hav 9 usual mdaulngs. 

Tho calculatod values siv« a 1.3% absolute pst'centago deviation 
with the five experimental references giving values near 3860 
cal/gm near the melting point. 


HKAT OF SUBLIMATION criOURE 2.3^3) 

Heat of sublimation baaed on limited data have been reported 
recently in the literature (18, 64, 106). Using the YSSP corre- 
lation of vapor pressure data (as described earlier), heats of 
HUblimation wore calculatod using the Clausius-Clapeyron equation 
(133): 


*w.ub ■ CT 

where AH , la the heat of sublimation, cal/gr-ir.ol ; P is the vapor 
pressure, ‘atm; and AV ■ ^p-mb ” ^solid’ deriva* Ive, fiP/ 6 T, 

wBH determined from dTrTorenriation®°r^the YSSP vapor pressure equa- 
tl(m. Considering the possible inaciiuracy in the extrai^olation of 
very low vapor pressures at low temperatures, those values should 
bt? ronKldo’rod only order-of-nagnitucic calculations below 600“C. 


HE AT CAPACITY (FIGURES 2. 0- 4 and 2.6-5) 

Liquid heat capacities have been reported from experiments done 
In the rango from the melting point to about 200“C above the melting 
point (67, 100). The values of Kantur (07) were selected because 
the temperature range was significantly greater with the tempera- 
turoH uppfurlng to be more accurately determined. The average values 
of heat capacity and temperature w*re taken as a reference point 
and the values were extended over the liquid range using the rela- 
i ionship; 


Liquid Heat Capacity x Liquid Density * constant (2.6-4) 

Citlrulalr'd values agree within two percent of the valuus published 
in the experimental work (67). 

Solid h(’at capacities have been reported by many authors (144, 
138, 55, 34, 96, 164, 62, 115, and others) which give similar values. 
The .TANAF and Touloukian values (138, 144) were selected. 
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DENSm (FIGURES 2.6-6 fe 2. 8-7) 


Savorai author* (03 , 37, 14 , 25 , 0) have raportecl maasm-od liquid 
danaity valuoa from the malting point to about 400*f above the melting 
1X3 int. Tile dataware extended to the boiling point using a modification 
of the IVv’Iwtt equation (106): 


p 


^-(1 - T ^) 


2/7 


(2.0-5) 


where Is critical density; T is reduced temperature and z is a 
panuneter defined by the experimental data. Calculated values give 
a 0.5^ average absolute deviation frcai the thirty reported experimental 
values. Tlie vertical line at the molting point indicates the change 
in density upon melting. 


Solid density measurements of silicon are recorded near room 
temperature '’’33, 134) at the melting point (85) and many others 
give linear t .ermal expansion data whldi are sumnarlzed l3y Touloukian 
(144). Solid densities at various temperatures were calculated using 
the percentage linear expansions (144) according to the relation: 

p - Pj X 11 - [3x(ix*rcent linear expansion)]} (2.6-0) 

Calculated values gave less than one percent deviation with the measured 
values over the solid range. 


SURFAQ-J TENSION (FIGUIE 2 


Limited data for the sui’face tension of silicai show a wide 
range of values (79, 71, 130, 25, 40). From the ejcperimental data 
in close agrecanent (79, 71, 130), values were extended to the boiling 
point using the Otlimer relation (123): 


0*0 


1 


7500 - T 

75?3o '- t;; 


(2.6-7) 


wiiore o is surface tension at T- , dynes/an, and n is the correlation 
parameter, 1.2. Tlie other parameters have their usual meaning. Cal- 
culated values agi'ee with the limited data (5 values) with a l.S'if. 
absolute error. 
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LIQUID VISCOSITY (FIOUHIS 2.6“9) 


Liquid viscosity data for silicon are availnblo from the 
molting point to about 400"C above the melting point (9, 81, 
127, 163). Values from the molting point to the boiling 
point were calculated using a log vs 1/T linear relation- 
ship. Average absolute percentage error was 9,1% on 19 data 
points, due largely to the wide scatter of the experimental 
data. 


T HERMAL CONDUCTIVITY (FIGURI! 2.6-10) 


Ai, experimental value of the liquid thermal conductivity 
of silicon has been reported by Russian workers (167), Their 
research indicates a value of 0,16 (± .02) cal/cm sec x "C 
at the melting point. The higher value of the thermal con- 
ductivity of liquid silicon compared to solid silicon at the 
melting point is in agreement with other experimental work (168), 

Solid thermal conductivity data has been reported by several 
authors (104, 23, 83 and others). The recommended values of 
Toulouklan (144) were selected. 
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TABLE 2.6-1 


PHYSICAL PROPERTIES AND CRITICAL CONSTANTS OP 

No. Id «intl float Ion 

1. Symbol 

2. Stata (std. cond.) 

3. Atomic Walght 

4. Boiling Point; b.p. ; *C 

5. Malting Point, m.p. , “C 

critical Tamparature, Tq, ®C 

7. critical prasBura, Pg, atm 

8. critical volume , Vq, om^/gr mol 

9. Critical Danaity, p^;, gr/cm® 

10. vapor Prasauro, mm Hg 

11. Heat of Vaporisation, cal/gr 

12. Heat of Sublimation, cal/gr 

13. Haat of Fusion, cal/gr 

lA. Liquid Haat Capacity, cal/gr-mol ®c 

15. Solid Heat Capacity, cal/gr-inol “C 

16. Liquid Density, gr/cm^ 

17. Solid Density, gr/cm* 

18. Percent Expansion on Freesing 

19. Surface Tension, dynas/cm 

20. Liquid Viscosity, centipoise 

21. Liquid Thermal conductivity, cal/secxcmx°C 

22. Solid Thermal Conductivity, cal/sQcxcmx“c 


SILICON 

Silicon 

Si 

Solid 

28.086 

2,078* 

1,412 1 2 
4,886* 

530* 

232.6* 

0.1207* 

2,8x10*'** (at m.p.) 
3,812 (at m.p.) 
4,075 (at m.p.) 
264* (at m.p.) 
6.755 (at m.p.) 
4.78 (at 25'>C) 

2. 533 (at m.p. ) 
2.329 (at 25»C) 

10% (at m.p.) 

736 (at m.p.) 

0.88 (at m.p.) 

0.16 (at m.p.) 
0.353 (at 25-C) 


*estimated 
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Figure 2.6-3 Heat of Sublimation vs Temperature for Silicon 
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Figure 2.6-4 Liquid Heat Capacity vs Temperature for Silicon 
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Figure 2.6-5 Solid. Heat Capacity vs Temperature for Silicon 
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Figure 2.6-6 Liquid Density vs Temperature for Silicon 
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Figure 2.6-8 Surface Tension vs Temperature for Silicon 
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Figure 2.6-9 Liquid Viscosity vs Temperature for Silicon 
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2.7 Thermal Concluci i vity Investigation 


Gas phase thermal conductivity values wore experimentally 
determln(*d between 25*’C and 350®C for a variety of silicon 
source materials which included silane and halogenated so lanes. 
The apparatus used was a hot wire thermal conductivity cell 
(or catharometer) . It consists of two pairs of matched tung- 
sten-rhenium fllaJiients mounted in a stainless steel block. 

The ri laments are connected as elements of a constant current 
Wlu'niHtone Bridge (Figure 2,7-1). The coll is electrically 
heulf’d and a constant temperature is maintained with a digital 
tc'inperature controller and read-out to + 1*C. The rilaments 
are poHtlloned in cavities in the steel”block into which the 
gaaoH , of which the thermal conductivity is to be determined, 

IT” be introduced. The filaments are heated by a constant 
current and the heat thus generated is dissipated primarily 
by conduction through the gas. A change in the thermal con- 
ductivity of the gaseous medium results in a change In the rate 
of dissipation and therefore, a change in the temperature of 
tht' filament. The temperature of the hot filament is measured 
us if H were a resistance thermometer; change in temperature 
priiduces u change in filament resistance, which is measured 
by means of the IVheatstone Bridge circuit. 

The thi?rmocoupl es (type K) used to monitor the temperature 
of the' thermal conductivity cell were calibrated using materials 
of known melting points throughout the temperature range of 
the study (25"C to 350*C), The EMF of the thermocouples was 
measured with a Leeds and Northrup, Model 8B86, millivolt 
pot('nf lomi'ter which was calibrated and certified at thi' factory, 
The tc'mperatures reported for the thermal conductivity values 
are considered to be accurate to +1“C. 

Siniu' absolute measurement of thermal conductivity is dif- 
ficult , a differential method was employed in which the catha- 
romcLer was divided into two parts where half of the filaments 
are In I’ontact with a reference gas of known thermal conduc- 
tivity and the other half contact the sample whost' thermal 
eonductivity Is to be determined. The Wheatstone Bridge is 
first balanced by introducing the reference gas into both 
sldt's of the cell. The sample to be determined is then intro- 
duc. ,i into the sample side of the cell and the resultant vol- 
tagt' unbalance (E) is recorded. The catharometer responds 
to the reciprocal of the thermal conductivities according to 
e<iuation 2.7-1: (reference 1) 

K - “ b(Vx - (2.7-1) 

where I'l-pi* is voltage with the reference gas in both sides 
of the Ihermal conductivity cell, X and are the' thermal 

conducts it les nl the unknown and reference g.ns respectively, 
and I ; .1 consiant charncterist ic of the pnri(’ular apparatus 
(ci‘11 iN'to lanl). This cell constant (b) can be determined 
by usiri!’, a standardization gas of known thermal conduct i v i ty 


131 



as the sample and determining the voltage unbalance (E) of it 
with respect to the reference gas. The coll constant (b) is 
slightly temperature dependent and must bo determined throughout 
the temperature range in which measurements are to be made. 

Before thermal conductivity data could bo obtained, the 
apparatus described above needed to bo calibrated. The cnU- 
bration work included the determination of cell constants for 
the temperature range 25“C to 350“C, the determination of 
filament wire temperatures for various filament currents and 
coll wall temperatures, and the experimental determination 
of the thermal conductivity of argon and hydrogen in the tem- 
perature range 25“C to 350®C. 

The coil constant, which Is used to calculate thermal con- 
ductivity values when the differential method is used, Is 
temperature dependent and therefore needs to be determined 
fo" the complete temperature range to be investigated. It 
was also found that at a given temperature, the cell constant 
may vary slightly from day to day; therefore cell constants 
were routinely determined everytime data wex’e collected. This 
variation may be due to slight changes in the filament cur- 
rent or to slight oxidation or corrosion of the filament with 
use . 

In measuring the thermal conductivity of gases using the 
"hot wire" method, the gas may not be at a uniform temperature 
due to differences in the terperature of the cell wall and 
filament wire. This can be minimized by operating the appara- 
tus at filament currents sufficiently low that this tempera- 
ture difference is small. In order to do this, a means of 
monitoring the filament wire temperature was needed. This 
was accomplished by using the filament as a resistance ther- 
mometer. With no current in the filament, the filament resis- 
tance as a function of temperature was measured (figure 2,7-2). 
When thermal conductivity data, wu’e being obtained, the filament 
resistance was routinely calculated by monitoring the current 
through the filament and the potential across tiie filament. 

The fllsiment temperature can then be obtained from figure 2.7-1. 
The filament current was then adjusted so that the temperaiure 
difference between the filament and the cell wall was small. 

The thermal conductivity of argon was determined through 
out the temperature range 25®C to 350*C. These values were 
comp„red to recommended values for the thermal conductivity 
of argon (reference 2) in order to evaluate the accuracy of 
data obtained on this apparatus (figure 2.7-3). The recom- 
mended values used were those presented in "Thermophysical 
Piopertler of Matter", Vol, 3 on Thermal Conductivity (TPRC) , 
and were determined by an evaluation of available published 
data. It was stated that the published data correlated with 
the recommended values to within + 5%. The thermal conductivity 
values obtained in this study agree with the recommended values 
to within ^ 2*? up to 300»C and ± 4% from 300“C to 350®C. 
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Th® thermal cunducL iv ii y of hydroRsn was dotei'mlnod in the 
temperature range 26*C to 350*C. These values wore compared 
to previously roported experimental values for thermal con- 
ductivity of hydrogen (references 3 and 4) in order to evaluate 
the accuracy of the dutu obtained on this apparatus (flguro 

2.7- 4) for gases of relatively high thermal conductivity. 

The thermal conductivity of silane (Sll-L) was determined 
between 25*C and 300®C (Table 2.7-1 and Figure 2.7-5). Values 
above 300"C were not determined because above that tempera- 
ture silane is thermally unstable and begins to deposit sili- 
con, There Vnve been no previously reported experimental 
data for gaseous thermal conductivity of silane. Estimated 
values have been deit^rmlned using a modified Eucken Correla- 
tion (ref. 5) and these estimated values agree fairly well 
with the now avallubU' t*xperlnu*ntal values. 

The thermal conductivity of dlch lorosl lane (SlHgCln) was 
determined belwt'cn 2r)"C and 350”C (Table 2.7-2 and'^Flgure 

2.7- 6), There huvi* been no previously reported experimental 
data for gasturus tliermal t’undmM ivity of dichlorosilano. 

Estimated values have been reported (reference 30) in the 
temperature range o^r ici TOT whteh were determined by a 
Euchen approx linut Ion . These est imated values are considerably 
lower than llu' expt'r itnenl a 1 values now reported. 

The tht*rmal conduct j v i i > of tr ich lorosl lane (SiHCl„) was 
determined between bO‘’C’ timl 3ri0"r (Table 2,7-3 and Figure 

2.7- 7). There* have b<*»*n no previously reported experimental 
data for gasi'ous i henna l conductivity of tr ichlorosi lane . 

The thormul c(»ndttct i v i t y gaseous silicon tetrachloride 
was delermint'd In* tween 100‘T and 350*’C (Table 2,7-4 and Figure 

2.7- B). There have been both eal ciliated (ref. 7) and experimental 

(ref. 8) values for the thermal conductivity of silicon tetra- 
chloride prt'vlously reported. The calculated values, in the 
temperature range 80‘’r lt> were lower than the values 

obtained in this stiuly by more than 10%. The experimental 
values, in the Lemperat urt* range 70“C to 300®C, were about 

10% lower than the values obtained in this study. 

Tlu' thermal conchict i v i t y of silleon tot rnfluorlde (SiF^P 
was determined be\vei>n 25*' and 350**(’ (Table 2.7-5 and Figui'e 

2.7- 0). The values obtained in this study agree to wtihin 
1-3% with pvi’viously n>portt‘d (reference 0) experimental data 
Tor sili<’on t et ra l luor i do (figun* 2.7-10) 

Figure 2.7-11 summarl/e.s all of the experimt^ntn 1 ly deter- 
mined values tor ous thermal conductivity of silane and 
halogenutod silanes rt>ported from this Investigation. 
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Filament Resi 



Figure 2.7-2 Filament Resistance as a Function of Temperature 


Gaseous Thermal Conductivity, mW cm 



Figure 2.7-3 CoHiparison of Thermal Conductivity Values for Argcai 





Gaseous Thermal Conductivity, mW cm' 
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Table 2.7-1 Gaseous Theiraal Conductivity Values of Silane 


Temperature 


Gaseous Thermal Conductivity 


mW Cal cm ^sec*^ °C”^ BTP hr~^ft“^ 


28.0 

0.234 

56.02 

X 

10~® 

13.54 

X 

10"*^ 

45.7 

0.249 

59.44 

X 

10-6 

14.37 

X 

10~^ 

94.7 

0.297 

70.96 

X 

10-6 

17.15 

X 

10“^ 

139.4 

0.345 

82.34 

X 

10-6 

19.90 

X 

10“^ 

184.1 

0.400 

95.67 

X 

10-6 

23.13 

X 

10"^ 

227.4 

0.449 

107.24 

X 

10-6 

25.93 

X 

10”^ 

269.5 

0.497 

118.86 

X 

10-6 

28.73 

X 

10“^ 




Luctivity.BTU hr” 
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Table 2 , 7-2 Gaseous Thermal Conductivity Values of Dichlorosilane 


Temperature Gaseous Thermal Conductivity 



mW cm“^ 

Cal cm“^sec ^ °C“^ 

BTIJ hr“^ft“ 

-lOp- 

28.0 

0.102 

24.43 

X 

10"^ 

5.91 

X 

10"^ 

45.7 

0.108 

25.72 

X 

10*^ 

6.22 

X 

10“^ 

94.7 

0.129 

30.86 

X 

lO"^ 

7.46 

X 

10"^ 

139.4 

0.148 

35.42 

X 

10'^ 

8.56 

•xr 

A. 

10”^ 

184.1 

0.169 

40.37 

X 

10-" 

9.76 

X 

10“^ 

I -7.4 

0.194 

46,46 

X 

10“^ 

11.23 

X 

lO"^ 

-.5 

0.217 

51-79 

X 

10-" 

12.52 

X 

10“^ 

^1.3 

0.243 

58.15 

X 

10“^ 

14.06 

X 

10”^ 

. 30.6 

0.267 

63.70 

X 

10-" 

15.40 

X 

10“^ 
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Tatile 2.7-3 

Gaseous Thermal 

Conductxvlty Values of 

Trichlorosilane 

Temperature 


Gaseous Thermal Conductivity 

fc 

mW cm"^ 

Cal cm^^sec'^ °C"^ 

BTU hr"^ft“^ 

45.7 

0.093 

22.13 X 10"^ 

5.35 X 10"^ 

94.7 

0.110 

26.22 X 10“^ 

6.34 X 10"^ 

139.4 

0.126 

30.16 X 10“^ 

7.29 X 10'^ 

184.1 

0.144 

34.35 X 10~^ 

8.30 X 10"^ 

227.4 

0.161 

38.55 X 10“^ 

9.32 X 10“^ 

268.5 

0.180 

43.05 X 10“^ 

10,41 X 10“^ 

511-3 

0.198 

47-24 X 10“^ 

11,42 X 10“^ 

350.6 

0.216 

51.58 X 10*^ 

12.47 X 10"^ 



Gaseous Thermal Conduct ivity,mW cm 


rH 



Temperature, 


Figure 2.7-7 Gaseous Thermal Conductivity of Trichlorosilane 
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Table 2.7-4 Gaseous Thermal Conductivity Values of Tetrachlorosilane 


Temperature Gaseous Thermal Conductivity 



mW cm“^ 

Cal cm"*^sec”^ °C ^ 

BTU hr”^ft~“ 

94.7 

0.100 

23.93 X 10“^ 

5.78 X 10“^ 

159.4 

0,111 

26.43 X 10"^ 

6,39 X 10“^ 

184.1 

0.124 

29.59 X 10'^ 

7.15 X 10“' 

227.4 

0.153 

52.89 X 10“^ 

7.95 X 10“^ 

269.5 

0.155 

56.59 X 10”^ 

8.85 X 10"^ 

511.5 

0.169 

40.59 X 10"^ 

9.76 X 10”^ 

550.6 

0.195 

46.15 X 10"^ 

11.15 X 10“^ 



Gaseous Thermal Conductivity, mW cm 


i— I 

1 

Ui 

o 

H 


iH 

I 

o 



Pigure 2.7-8 Gaseous Thermal Conductivity of Tetrachlorosilane 
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Table 2.7-5 Saseous Thermal Conductivity Values of Tetrafluorosilane 


Temoerature 


Gaseous Thermal Conductiviti 



mW cm“^ 

Cal cm 

3ec ^ °C“^ 

BTU hr 

ft" 

>1 0^-1 

29-0 

0.150 

35.95 

X 

10”® 

8.69 

X 

10~^ 

45.7 

0.158 

37.79 

X 

10-6 

9.13 

X 

10“^ 

94.7 

0.189 

45.24 

X 

10-6 

10.94 

X 

10”^ 

159.4 

0.215 

51.43 

X 

10-6 

12.43 

X 

10“^ 

184.1 

0.241 

57.67 

X 

10-6 

13.94 

X 

10“^ 

227.4 

0.274 

65.46 

X 

IQ-6 

15.83 

X 

10“^ 

269.5 

0.291 

69.55 

X 

10-6 

16.81 

X 

10“^ 

311.5 

0.316 

75.55 

X 

10-6 

18.26 

X 

10"^ 

350.6 

0.345 

82.34 

X 

10-6 

19.90 

X 

10"^ 



Gaseous 



Figure 2.7-9 Gaseous Thermal Conductivity of TetraTluorosllane 


Gaseous 
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8.8 Viacoalty Invent tguL ion 


Gaa viacoHity values t>r nonu' hnloRenated stlunes vht* < \ 
perimental ly determined between dO*C nnd 200*t‘. Tin- vi.iosiis 
valuoB were determintul by a t ranaplrat 1 on method which is bused 
on the rate oT flow ol' the roh thnoURh a eaplllury. In order 
to dotormine these rdh flow ratea, a constant volumt>, ulass 
viacometer (Figure? 2.K-1) was fabrlented nnd assembled. He 
apparatus is similar to one described by McCoubrey and Sini-di 
(1), The apparatus ennslst of a 1 liter trlu.ss bulb which is 
connected UiroURh a Klfiss manifold to a mercury manometer ami 
to a th(»rmoKLttted capillary with a preheater coil. The capi ; 
lary Is 20 em. In length and has an intc^rnal dinimoer oi o.o;; 
cm, I'he c'xlt .sidt* of the eaplllary can be coni lnin>ii,sl\ s ,i- 
Cv. .ted by 11 two St apt' mechanical pump. 

Tn oi’der to muki* a measiitement , the viscometer IS 'horoiinlily 
evacuati'd .ind then the rus sampli* is inlroduc(>d into i lie bulb 
up to a pressure of about IH cm. Hr, The rms sample is then 
evacuat Oft throuRh the capillary and the resulting r.tti of i l< w 
Is mon.i ! "red by recordinR tin* prossui'e det-rt'ase in ib.o i'nlb 
with TliJie. The pressure is measurt'd with a siamlard I tube 
mercury manometer to Hr. 

The rale of Mow of a RiiS throuRh a capillary is depeiulcn! 
upon the coefficient of viscosity (n) of the aas. by Ci.nilu a 1 nn 
PolseuiHe's c»quation lor laaiinar flow of a uas ihtMuah a i ubi- 
and the ideal ruh law equation' the* relalionship betwi-en 
pressure, time, and viscosity of a rus can be dt-rived. la.i 
seiiille's equal Ion tdi for laminar Ras flow is; 

2 <1 
dV _ 1 ^ 2 ^ ^ 

fit TSlatPj^ (2.8-1) 

wliei'e dV/dl is the volume rate of Ras flowiuR (liroURh tin 
capillary. P. is the pressure at the capillary Inlet . P,, is 
the pressure'^at the cnpillury outlet, r is the radius oT tiie 
cupillaiy, L Is tlu* lenRtli of the capillary, and I' is 1 1n 
pre.sHure at which i he rus volumt* is m«*asurefl. lu Hits iu>thod 
where the Ras is continuously evacuated with a lutmp P,, is 
noRliRlble compared to Pj nnd equation 2.8-1 ri*duces t^ 


m ' ioL',i',, 

From tip ideal rus l.i.v, nV . t l.t* volume of rus at 1’ . T»as;. inq 
Ihronqli ! bo cniiin.iiv m unit ( iim' ('an be e.xpressen in t«‘rm.s 
of dN . It.' nuiiilier ol . 1 ' ..1 pa ; Mowing thmuiRh the iai>i! lary 

in unit t itm* ((iiuatiot, ;» K-:t). 



(2.8-3) 


dV - dN(RT/PQ) 

Subatltuling equttLloii 2.8-3 Into aquation 2.8-2 Kivaa aquation 
2.8-4; 


dN _ ^ I ^ (2.8-4) 

Zn- T^rnTlT 


As the gnH is ovncualad In a constant volume viacoraetar, the 
presHux'e darrenHeH. Again using the ideal gas law, 


dN -dP^(V/KT) 


(2.8-5) 


where V 1 h the vohame being evacuated. Substituting equation 
2.8-5 into equation 2.8-4 gives equation 2.8-0 


. rrp 


2 1 


dP, 


*mfT 


- dt 


( 2 . 8 - 0 ) 


The assuinpMnnH of the derivations ar:*; constant volume of 
the Pi si '’ 1 . Idi'iil bf'hi'vinj ot tl'e gas, and laminar flow thiough 
the i ai ll’nry. Sinco Mu* proswure is measured with a U-tube 
mnnometf r* Mi* vcMum'- 'M' Mu> Ryslom will change by 10 to 20 
ml, dm in.* i.,i r'xju’rimciit . Howevpr, with a total volume of 
the visrornoM'r of over 1 liter, this change can be neglected. 
The lo l)e mt'aHur d do not exhibit ideal behavior, but 

at prf’s, 'i’ "n of 1('KH than 1 atmosphere their deviations should 
not be ln’'ge T-iuainnr ''low assumes s:ero velocity f t the wall. 

A cori:’/'i *c)n may nc'od ifj be made for slip ac the wa*l. 


Frfjm '■* 00*11 iur 2 8-fi. Mie '’isf’osity (n) of a gas can be 
calf’ulat»*ri lr''m [he s 1 'ipe ef the line obtained by plotting 
1/P. Vf'rsMf; t In order to avoid the necessity of careful 
measi! its ol Mie eaptll u*y dimensions and the volume of 
the .^\■stetrl a gas of known viscosity can be used to determine 
an aiipar'**u8 constant '.vhich includes all the constant terms 
in ofiuat Ion A M (>rnat i ve ly , the calculation constant 

can be omitted and i h(* vlncosity of the unknown, relative to 
tha' of ‘i referenct* gn ;, can be computed from the inverse 
ration ol Llie Mopes of the 1/P versus t graphs (equation 
2.8- / i . 


I, . (2.8-7) 

n ' ,• slope” 
r* » I * 


Evalualtijn and calibration of the gas viscometer was ac- 
complished before data collection begun. Using argon as a 



rsferoDCG to determino a viscomater constant, experimental 
values for gas viscosity of nitrogen have been determined 
between 40*C and 200*C. These values were compared to recom- 
mended values for the gas viscosity of nitrogen (3) in order 
to evaluate the accuracy of data obtained on this viscometer 
(figure 2.8-2). The recommended values used were those pre- 
sented in "Thermophysical Properties of Matter", Vol. 11 on 
viscosity (TPRC), and were determined by an evaluation of available 
published data. It was stated that the published data cor- 
related with the recommended values to within i2%. The vis- 
cosity values obtained for gaseous nitrogen in this study 
deviate from the recommended values by less than 2% from 40®C 
200®C (figure 2.8-2). 

The viscosity of trichlorosllane (SillCl.,) has been deter- 
mined between 40“C and 200®C (table 2.8-1 and figure 2.8-3). 

There have been no previously reported experimental values for 
ga'’ viscosity of trichlorosllane in the temperature range of 
the study. Values at 0®C and 31®C were reported by Tel'chuk 
and Tubyanskuya (ref. 5). 


The viscosity of dichlorosllane 
mined between 40“C and 200*C 
The .sumijJe of dichloroei lane used for 


,) 


(SilinCln; 

(table 2.8-2 Snd 
the 


has been deter- 
f igure 2.8-4) , 
measurements was 


semiconductor grade obtained fi’om Union Carbide Corporation. 
There have been no previously reported experimental values 
for the gHH phase viscosity of dichlorosllane. One set of 
calculated values have been reported (ref. 6) in the tempo- 
raturo range of 0®C to 300"C. These calculated values agree 
with the experimental value’s determined in this study with 
deviations of less than + 2 ^ from 40“C to 200“C. 


The viscosity of teirailuorosilanc (SiF. ) has been deter- 
mined between 40“C and 200®C (Table 2.8-3 and Figure 2.8-5). 
There have ^ two previous reports of experimentally deter- 
mined viscot , ty values for tei.ra^luorosilane. Ellis and Raw 
(reference 4) reported values between 25°C adn 134“C and Mc- 
Coubrey and Singh (reference 1) reported values between 1S®C 
and 190®C, The values of McCoubrey and Singh were in close 
agreement to the values reported in this study with less than 
3% deviation through the whole temperature range. The values 
of Ellis and Raw wjie lower than the vali'ea reported in this 
study by as much as 7%. 
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1 1. bulb 


Figure 2 . 8- 


bypass 






Table 2 . 8-1 



VjLSCosity of Gaseous 

Trichlorosilane 


Tenjperature 


Viscosity 


'c 

'Tiicropoise 

Ksm” * 

lb 

m 

■Q 

122. n 

12.20x10“* 

8.20x10“* 

bO 

125.9 

i2.59xl0“‘ 

8.46x10“* 

80 

134.8 

13.48x10"® 

9.06x10“* 

100 

140.8 

1 '.08xl0“® 

9-46xl0“* 

150 

157.3 

15,73x10“* 

i0.57xlo“* 

200 

177.2 

17-72xl0“* 

11.91x10“* 



Visowslt y, mit’L opi'ise 


200 


O ~ Data this study 
A - Reference 5 



Temperature, ®C 

Figure 2.8-3 viscosity of Gaseous Trichlorosilane 


Vlacoslt-y, lO" lb 
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TaDlc 2.8-2 


Viscosity of Gaseous Dichlorosilane 


Temperature Viscosity 


c 

micropo:i.:i ^ 

Nsib ^ 


lb s ^ 

IQ 

■ft"^ 

40 

118.7 

11.87 

X 

10"^ 

7.98 

X 

10-' 

60 

125.3 

12.53 

X 

10"^ 

8.42 

X 

10“® 

80 

134.6 

13.46 

X 

10"^ 

9.05 

X 

10”® 

100 

140.2 

14.02 

X 

lO"^ 

9.42 

X 

lo"® 

150 

163.5 

16.35 

X 

10"^ 

10.99 

X 

lo”® 

200 

181.9 

18.19 

X 

10”® 

12.22 

X 

10”® 




s D1 chi orosi lane as a Function of Temperature 


Viscosity, lb 


160 


TABLE 2.8-3 



Gaseous Viscosit.y 

of Tetrafluorosilane 



* 3'ipera-i-re 


Viscosity 



"C 

micropoise 

N s m ^ 

lb 

m 

40 

169.5 

16.96 X lo"^ 

11.40 

X io“^ 

60 

180.7 

18.07 X 10~^ 

12.14 

X io“^ 

100 

191.7 

19 17 X 10~^ 

12.88 

X lO"^ 

150 

208,3 

20.83 X lO"^ 

14.00 

X 10~^ 

200 

231.2 

23.12 X 10~^ 

15,54 

X 10~® 



viscosity, micropoise 


180 



Temperature, 

Figure 2.8-5 Viscosity of Gaseous Tetraf luorcsileuie 


Viscosity, 10"’lbm s-i ft 
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2.9 Silicon Totrafluoride Generation 


Investigations were conducted toward developing a method 
to genrate silicon tetraf luoride (SiF.) from an aqueous solu- 
tion of hexaf luorosi 1 icic acid (HgSiPg), which is readily 
available as a product of the phosphate fertiliser industry. 
The method investigated involved the precipitation of an in- 
soluble salt of hexaf luorosilic acid followed by the thermal 
decomposition of the salt to produce SiF^, 


Experiments were conducted in which concentrated aqueous 
solutions of various salts (NaCl, NaF, NaOH, NagCO.^) were 
reacted with a 23% aqueous solution of HgSiFg at rbom tempe- 
rature: ® 


2 NaX ‘ HgSiFg Na 2 SiFg+ + 2 HX 
where X « Cl , F, OH or COg 

Reaction under these conditions resulted in the immediate 
formation of a precipitate which could be readily filtered 
and dried. With each salt, several reactions were carried 
out with differing stoichiometric amounts of the reactant 
in order to determine the reactant ratio which would give 
maximum precipitation of NagSiFg. The results of these in- 
vestigations are shown in Figures 2,9-1 through 2,9-4. 

Figure 2.9-1 shows that the precipitation of Na„SiFg with 
NaCl solutions gives maximum recovery of the SiF. , recursor 
at a reactant ratio of slightly greater than 1:1; Increasing 
the amount of NaCl does not Improve the yield any further. 

The percent yield of NagSiFg never rises above the 90-95% 
region due to its slight solubility in water. The precipitate 
formed was shown to be NagSlFg by comparing its infrared spec- 
trum with that of an authSntlC sample. Air drying of the pre- 
cipitate was shown to leave approximately 1-2% water. 

Figure 2.9-2 shows that precipitation of NagSlFg with NaF 
solution gives essentially the same results as'^was'^obi ained 
with NaCl up to about 1,25:1 reactant ratio. At higher ratios 
the calculated percent yield of Na^SlFg rises above 100% which 
indicates that something else is occurring other than the 
precipitation of NagSiFg. Hydrofluoric acid (HF) is a by- 
product of this reaction and will form an insoluble adduct 
(NaF'HF) which results in the greater than 100% calculated 
yield. 

Precipitation using NaOH solutions (Figure 2.9-3) gives 
completely different results than that obtained with either 
NaCl and NaF. The calculated yields (based on NagSiFg) are 
much above 100% and continue to rise up to a reacxant"ratio 
of 3:1, The use of NaOH (a strongly basic reagent) resulted 
in the hydrolysis of the Si-F bond as well as precipitation 
of NaqSiFg. The hydrolysis of SiFg“ under basic condltlt is 
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results in thf formation of sllio.'' acids which are hydrated 
oxides Oi till icon and these preclplate along with NagSiFg. 

The formation of silicic acids li; i ‘lese reactions was^conrirmod 
by infrared analysis of the pre( i u i i ate which showed charac- 
teristic absorptions fr>r both «il etc acid and Na^SlFg. 


Figure 2.9-4 shows that reaction A^ith NanCO- (a weakly basic 
reagent) gives rf^sults comparable to those oBtalned with NaCl 
solutions. Infrared analysis of the preclcltate however, in- 
dicated the prt Hence of some silicic acids vhich showed that 
hydrolysis was 'x-currlng with Na2C0,^ as wel as with NaOH, 


Siudii's ’vere also conducted to determine conditions neces- 
sary for the efficient precipl tat ton t>f BaSiF^^ (another possible 
precursor f or the geratlon ol SiF. ). The use of BaSIF,, as an 
alternate 'vrecursor to Si I*’ (Instead of Nar.SiF„) was Itlvestl- 
gated bc'caiise of several advanlages this rftuu- may have. 

DuSlIy is I<'SK solubh* than Na„SiFg by u factor of abt>ut 30 
whlch^should result in a more PfflPicnt recovery of SIF. from 
a solution of H„SlFp. Secondly, if BaF„ is used to precipitate 
the HaSiF^ th<‘re should be no co-preclpTtat ion of an aiduct 
with HF (usi‘ r)f NaF in th<* preclj) j tat ion of NagSlF^ resulted 
in th<> co-prcc ipl t at 1 on of NaF*lIF). Also the thermal decom- 
position of BuSiFy to give SiF. may occur at a low<*r ten!!>era- 
ture than Uiat obS(>rved ior Na,,SlF^j. 


The prec* Ipi tat i on ol BaSiF^ was eflected by the reaction 
of a 23‘T aqueous solution of n„SlF^ with aqueous solutions 
of either HuC'l,;, fir HaF,,, An IWmeiliate precipitate was lormed 
in both 


RaX,, + ► RaSiF,.4 + 2 HX 

J J (j o 

X = Cl . F 

cases whlcli could be readily Mltereu and dri«>ri, With eiub 
salt, several react ions were carried out W'ith dillc'rlng stoi- 
chiometric amounts of the reactant > u order to determine the 
reai’tant ratio whu’h W(juid give uia>:imum prec Ipl i at ion oj RaSiF^. 
The r<‘sults of Ihoso investigations aro presi-nli’d in Kigures 
2,9-r. and 2.P-n. 

Figure 2.9-r. hows that the pr»*c i pi t at ion ol RaSiF^, with 
BaC'l.j solutions at room temperature gives maximum rei-8very 
of the yiFj piU’ourscU' at a r<*actanl ratio of 11. Increasing 
the amount of BaCln does not increase the yield any further 
and i.he percent yield never rises above about 97'" due to the 
slight solubility of BaSiF^. . 

Figur. 2.9-R sli iws t'lc |•■ui^s of tile reactions of BaF„ 
solutions with liySiFg at oO't, Maximum recovery of BaSiFg 
is .shown to bo at a reactant ratio of 1 , .5 t c> i with the per- 
cent yield about . The higher reactant ratio necessary 
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for efficient precipitation and slightly lower yield* than 
were observed in the reactions with DaCl„ is due to the low 
solubility of BaPn which dictated the use of considerably 
larger volumes of'^water. 

Investigations were conducted for the generation of silicon 
tetraf luoride (SiF.) by the thermal decomposition of sodium 
hexaf luorosilicate^(Na 2 SlP 0 ) : 

NagSiFg i SiF^I + 2 NaP (4) 

Parameters such as temperature, reaction time, and general 
reaction conditions wore examined in order to determine opti- 
mum conditions for efficient SiF^ generation. 

Anhydrous sample of NanSlFg were placed in a quartz tube 
and heated under various reaction conditions. The amount of 
SiF, generated was determined from the weight loss of the 
sample after heating based on the stoichiometry in equation 4. 

Initially the samples were heated for 1 hour in a closed 
system of inert gas (Ng) maintained at 1 atmosphere and at 
constant temperatures Panging from 350'*C to 000*0, In no 
instance was the generation of SiF^ above 12%, This low yield 
of the 5iF^ was due to the fact that the thermal decomposition 
reaction i§ an equilibrium reaction (eq, 4) and when the de- 
composition is carried out under conditions which allow an 
equilibrium to be established, the reaction will proceed no 
further than the equilibrium point. 

As a result of these initial results, the reaction conditions 
were altered such that a slow stresim of Ng (approximately 
200 cc/min) was continuously passed over the sample during the 
decomposition. Figure 2.9-7 shows the results of these experi- 
ments, Heating the samples for 1 hour gave low yields of 
SiF^ increased rapidly such that the generation of SiF^ was 
essentially quantitative above 550*C. 

Based on the above results, it is obvious that the decompo- 
sition of NagSiF^ to generate SIF. occurs extensively at tempo- 
ratures above 5o6"C. Since this data was obtained by heating 
the samples for an extended period (1 hour at each temperature), 
the per cent generation of SIF^ was obtained as a function 
of reaction time In order to determine the minimum amount of 
heating required to produce high yields of SiF., Figures 
2.9-8, 2.9-9, 2,9-10 show the results of this type investi- 
gation at 500*C, 550®C, and 600*C. Figure 2.9-8 indicates 
that decomposition is not complete at 500“C even upon seating 
for a period of 1 hour. At 550®C the generation of SiF^ ap- 
proaches completion in 30 minutes (figure 2.9-9) and at^600“C 
the reaction is essentially complete in 15 minutes. 
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Th« Bonoratlon of Bilicon tatraf luorido (SiF. ) by th® tharmal 
dacorapoaitlon of barium haxafluorosilicata (BaSiFg) according 
to aquation 9 waa invest igatod. Paramatars such ° 

A 

BaSiFg SiP^t + BaFg (9) 

as temperature, reaction time, and general reaction conditions 
wore examined in order to determine optimum conditions for 
efficient SIF^ generation by this method. 

Samples of anhydrous BaSiF- ware placed in a quartz tube 
and heated at various temperatures for a period of one hour 
during which tin 3 a slow stream of N- (approximately 200 cc/mln) 
was continuously passed over the sample. The amount of SiF. 
generated was determined from the weight loss of the sample^ 
after heating based on the stoichiometry in equation 9. The 
results of these experiments are shown in figure 2.9-11. 

Heating for 1 hour at temperatures up to about 400“C gave low 
yields of SIF^. At temperatures above 400*C however, nearly 
quantitative yields were obtained. 

Based on the above results, it can be seen that the decompo- 
sition of BaSiFg to generate SiF^ occurs extensively at tempe- 
ratures above 400*C. Since this^data was obtained by heating 
the samples for an extended period (1 hour at each temperature), 
the per cent yi«ld of SiF^ was obtained as a function of time 
in order to determine the ^minimum amount of heating required 
to produce high yields of SIF.. Figures 2.9-12, 2.9-13, 2.9-14, 
2,9-lP show the results of this type investigation at 400’’C, 
450*C, 500“C, and 550"C respectively. Figure 2.9-12 shows 
that at 400**C the decomposition of BaSiF„ does not approach 
completion until about 1 hour heating time. Figure 2.9-13 
shows that decomposition of BaSiFg is essentially complete 
after 30 minutes heating at 4Q0®r°and figures 2.9-14 & 2,9-15 
show that decomposition is complete after only a few minutes 
(5-10 minutes) at 500»C and 550"C. 
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Reaction Rato NaCI/HjSiFe, E£|uiri-wts 



Figure 2.9-1 Variation of SIF 4 Precursor Recovery with Reaction Ratio (NaCI Reaction) 
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Figure 2.9-2 Variation of 


Reaction Ratio NaOH/H2£iF& Equivalents 



% SiF 4 Precursor Recovered 

Figure 2.0-3 Variation of SiF4 Precursor Recovery with Reaction Ratio (NaOH Reaction) 
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Reaction Rato Na 2 C 03 /H 2 SiF& Equivalents 


3.0 


2.5 h 


2,0 h 


1.5h 


I.Qh 


0.5 k>^' 



Figure 2 . 


Temperature = Constant (ambient) 

Naacos + HasiFe ^ NaasiFe* + coa 



-1 1 i I I I 

50 60 70 80 90 100 


% S1F4 Precursor Recovered 


I -4 Variation of SiF4 Precutsor Recovery with Reaction Ratio (NaaCO'j Reaction) 
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Reactant Ratio 



% BaSiFe Recovered 


Fig'jre 2.9-5 Variation of BaSiFe Recovery with Reactant Ratio (BaCl 2 Reaction) 





Figure 2 . 9-7 Variation of % SiF4 Generated with Temperature 



Reaction Time, minutes 

Figure 2,9-8 Variation of % SiF4 Generated with Reaction Time 
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% StF4 Generated 



Reaction Time, minutes 

Figure 2 . 9-9 Variation of % SiF4 Generated witf» Reaction Time 


17£j 



Reaction Time, minutes 

Figure 2 . 9-10 Variation of P'j SiF4 Generated with Reaction Time 
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% SiF* Generated 



SiFj, Generated 



Reaction time, minutes 

Figure 2.9-12 Variation of % SiF 4 Generated with Reaction Time 


178 



SiF. Generated 



Reaction time, minutes 

Figure 2.9-13 Variation of % SiF4 Genera'^'Qd with Reaction Time 
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Figure 2.9-M Vai 
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2,9-15 Variation of % SiF^ Generated with Reaction Time 
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3. CHEMICAL ENGINEERING ANALYSES 


3,1 Sil^ Decomposition Process 


The chemical ongineorinff analysis activity involves a pre- 
liminary pi’ocoss design of a plant to produce silicon via 
the technology undor consideration, 

The process flow-diagram for the Si I. decomposition process 
is shown in Eigure 3,1-1, This process ^involves several major 
processing operations such as fluidization, distillation, 
condensation, vaporization and deposition unit. 


At the beginning of the process, metallurgical grade silicon 
(M.G, Si) is reacted with iodine (Ig) in a rinldii-'-d bed renclor 
(100*K) to produce silicon tetraiodide. This gas product is 
condensed and then purified by distillation process. 


This purified Sil. is vaporized and introduced into a silicon 
rod reactor where silicon is deposed according U' the i'ollowlng 
reaction 


SI Si + 2 I 2 (3.1-1) 

The reaction temperature is kept at 1300"K. 

Unreacted Si I, and iodine are condensed and separated by 
distillation for^recycle purpose, 

A process design was performed to oblnln data for the cost 
analysis. The design was based on a plant for me production 
of 1000 metric tons p r yi " o' polysilicon via this Sil, de- 
composition process. ^ 

The detailed sLatu.'i sheet for the process design package 
is shown in Table 3,1-1 and is represeni at i ve of the various 
sub-ltcans that make up the activity. The summarized results 
for the preliminary process de.sign are I'resented in a tabular 
format to make it easier to locate t terns tf specific ininrt>st. 


The guide for these tables is given b('l ew 

Base Case ('onditions l.i' Ic 3 1-3 

Reaction chemistry -Tible 3 1-3 

Raw Material Requirements -Table .1 1-4 

Utility Requirements — Table 3,1-.') 

Major Process Equipment T"’ 3 1 -(> 

Prfiduci ion Labor Requirements- Tnbli' i.l -7 


Thr procesp 4 e''ifrM p’ev<dcs detailed data for raw materials, 
uM M I U-.S "’ 'j ^ I" and pviductinn 1 aboi’ require- 
ments whicii 111 •. ’ce; .11 y lOi poly.silicen prodiv't’on 
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TABUS 3-1-1 CHEMICAL EMGINEEHIMG ANALYSES i 

PRELIKIHAHY PROCESS DESIQl ACTIVITIES FOR Sil^ IECO»S»OSITIGM PaX3SS 

4 


Prel, Process Design Activity 


Status 


Prel- Process Oesitai Activity 


1. Specify Base Casa Conditions 

1. Plant Size 

2 . Product Specifics 

3- Adt,itic«ial Conditions 

2 . Define Reaction Cheiaistry 

Reactants . Products 
2. Equil-briuns 

3. Process Flow Diagraa 

1. Flow 3 querce. Unit Operations 

2. Process Co. ditions {T, : stc.i 

3. Envi 'CMuasntai 
Conp-inv I.-*-eraction 
(Technology Excaangej 

4. Material Bailance Calculatior a 

Raw Hateriils 
Products 
By-Product - 

Ftergy Balance 01cuIat_-'.:.'5 
Heating 

i . Cooling 

j. Additionail 

6. Property Data 

1. Physical 

2 . ThenaodynaF'-i c 

3. Additional 


7. Eguipeent Design Calculations 

1. Storatge vessels 

2. Ikiit Cperatioos Equipcaent 

3. Process Data <P, T, rate, etc.) 

4. Additional 

8- list of Major Process Bquipoe&t 

1. Size 

2. Type 

3. Kateriails of Oonstrtictico 

8a. Major Ttechnicail Factors 

(Potential Problea Areas) 

1. Materials Cbnf>atibility 

2. Process Conditions Liai tations 

3. Additional 

8, Production Led>or RequireDents 

1, Process Technology 

2 . Production Voluae 

10, Forward for Economic dialysis 


0 Plan 

8 In Progress 
• CcKDlete 


Status 





TABl^ 3.1-2 


BASE CASE CONDITIONS FX.'iR DBCi>MI’t'>SlTION PKOCESS 


I 4 Plant Slae 

- Pioductioii yf 1000 imtric ton»/y»ar 

- Solar Cell Grade Silicon 

2. lodinatlon Reaction 

- Metallurqical grade fill. Jn and iodine to produce Sll^ 

- Atinufphuric , 1000"K 

- 100 % conversion (thermodynamic equilibrium) 

- Fluidized bed 

3, Sil^ Purification 

- Recycled and manufactured Sil^ diatilled 

- 10 % waste (5% light, 5% heaviee) 

- 90% product (heart cut) 

4. Sil. Decomposition 

- Silicon rod reactor, dsposltron 

- .001 ATM, 1300"K 

- b9.07% conveision (thermodynamic equilibrium) 

5, SiI^/1 , Htitryc.’e 

- Separated by di --^ti llation 

- Sil^ to pun fii.ati on and decompouition 

- 1 , to todination 

6, t)pera*^ii'.q Ratio 

- Approximately ti0% utilization (79.3%) 

- ’H)pruximalely 7000 hr/year production 

7. Recovery of Waste 

- W»*t tecovery of iodine from Sil^ wastes 

- 90 ♦ t*’covery 

- $ , *0 pouivl of 1, A covety I ost ' 

- Rfc*».yv io X , i ' ■ I ,‘^makoup 

,9*or,,«jf Oi'iisi derations 

- Feed in.iteitals (two week supply) 

- Product (two wi*ek supply) 

- Process (several days) 
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TABLB 3,1-3 


REACTION CHEMISTRY EOR Sil. DECOMROSITION PROCESS 

0 

1. Silicon Dapcuttion 

Sil^ -► SI + 21^ 

2. lodinatlon Ra action 

Si + 2 I 2 > Sil^ 
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TABLE 3.1-4 


RAW MATERIAL REQUIREMENTS FOR 

DECOMPOSITION PROCESS 
«l 


Raw Matwrinl 

1. Metallurgical Grade Silicon 

2. Iodine 


Requirement 
Ib/Kq of Silicon 

2.6194 

7.4954 


la7 



TABLB 3.X-5 


UTILITY RBQtnPJJMBNTS FOR 

Si I. DBCOMPOSITION PROCESS 
4 


UtlXity/Punction 


K watt~hour»/ 

Kg of Silicon Product* 


Haatlng and cooling (10% losssa) 

Compr««8or Train 

Radiant Loaaas from Daposition 


27.55 

1.059 

190, 

218.61 


* All utility raquiramants calculated as electricity. Actual useaga 
would involve cooling water, steam, etc. 
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TABLE 3,1-6 UST OF MAJOR PROCESS 

EQOTI«ENT FOR Sil^ DECOMPOSITIOM PROCESS 
4 



Item 

Function 

Duty 

Size 

Material 

1 . 

Purified Sil, 
Hold Tank 

Storage of purified 
Sil^ feed to deposi- 
ticxi 

One Week 

6.254 X 10^ gallons 

316 S.S. 

2 . 

Liquid Storage 

Cooled overheads 
frcm deposition 

One Week 

5.6 X 10 gallons 

316 S.S. 

3. 

Silicctti Product 
Storage 

Product for sales 

Two Weeks 

1.097 X 10^ gallons 

C.S. 

4. 

Liquid 

Storage 

separated from 
S 1 I 4 

One Week 

2.962 X lO^* gallons 

316 S.S, 

5, 

Sil. Bulk 
4 

Storage 

Sil. separated from 
I ^ 

One Week 

4 

6.948 X 10 gallons 

316 S.S. 

6 . 

Metallurgical 
Silicon Storage 

Raw material storage 
for manufacturing 

Two Weeks 

4 

1.304 X 10 gcLUons 

C.S. 

7. 

Feed Tank 

Purification column 2 
feed tank 

Eight Hours 

4.008 X 10^ gallons 

316 S.S. 

8 . 

Sil^ Vaporizer 

Vaporize Sil^ for 
deposition unit 

+29.86 K cal/gmoles 
Si produced 

121.5 ft^ 

C.S, with 
HasteUpy tubes 


Silicon Cooler 

CocL product siliccai 
for storage and ship- 
Tient 

-5.7 K cal/groole Si 

ID = 1.85 ft 
L = 5.67 ft 

6 units — Gregihlt 
or Quartz 

10 , 

Deposit! or 
Condenser 

Condense overheads for 
recycle 

-37.146 K cal/gmoles Si 

1510.8 ft^ 

C.S. with 
Hastellpy tubes 
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TABLE 3.1-6 (Continued) 



Item 

Function 


Size 

Material 


11. 

Separaticxi Column 
Preheater 

Preheat feed to 
bubble point for 
dist. 

■i-3.2a9 K cal/gmole Si 

22.3 ft^ 

C-S. with 
Haste Hoy 

tubes 

12. 

Separation Column 
0/H Condenser 

Provide liquid 
reflux to column 

-36.66 

216-2 ft^ 

C.S.- 

Hastelloy 

trbes 

13. 

Separation Column 
Calandria 

Provide vapor rate 
to column 

-s-42.86 

210 ft^ 

C.S. with 
Hastelloy 

tubes 

14. 

Separation Column 
0/H After Cooler 

Cool I at B.P. to 
130 ®C ror storage 

- 2.1 

14-24 ft^ 

C.S. witii 
Hastelloy 

tubes 

15. 

Vaporizer 

Vaporize for 

iodinatior unit 

+26.01 

113 ft^ 

C.S, witii 
Hastelloy 

tubes 

16. 

lodination 0/H 
Condenser 

Condense bulk Sil^ 
vapors from iodina- 
tion 

-33.85 

1377.42 ft^ 

C.S. with 
Hastelloy 

tubes 

17. 

Separaticffi Colunm 
Bottoms After 
Cooler 

cool Sil^ at B.P. 
to 150 “C for storage 

- 4.2 

28.48 ft^ 

C.S. with 
Hastelloy 

tubes 

18. 

Tet PurificaticHi 
Preheater 

Bring Sil^ to bubble 
poir.-. for distillation 

+11.41 

77.38 ft^ 

C.S. witdi 
Hastelloy 

tubes 

19. 

Purificaticn Column 
1 O/H Condenser 

Provide reflux for 
c^>eraticin of column 

-54.42 

221 ft^ 

C.S. with 
Hastelloy 

tubes 

20. 

Purification Column 
1 Calandria 

Provide vapor for 
coluim operation 

54.42 

221 ft^ 

C.S. with 
Hastelloy 

tubes 

21. 

PurificatitKi Colum 
2 O/H COTidenser 

Provide reflux for 
operation of column 

-52.24 

212 ft^ 

C.S. wltii 
Hastelloy 

tubes 



TABLE 3-1—6 (Cootinued) 



Iten 

Function 

Duty 

Sise 

Ifeiterial 

22. 

Purification Colum 
2 Calandria 

Provide vapor for 
operation of column 

52.24 K cal/gmole Si 

212 ft^ 

C.S. with 
Bastelloy txhes 

23. 

Purification After 
cooler 

Gx>l purified Sil^ 
to 150 ®C for storage 

-10,27 

69.7 ft^ 

C.S. with 
Sastelloy tebes 

24. 

De-sigjerhe ater 

Cool for coopressi cn 

-24.03 

163 ft^ each 

6 units - Qoertz 
or 

25. 

Purified Sil^ 
Pump 

Feed to Sil^ vaporizer 

6.2 gpm 

100 ft of bead 

31£ S.S. 

26. 

Deposition Com- 
pressor {s) 

Hstum deposition gases 
to atmospheric pressure 

-23.03 K cetl/gmole 
4.155 X 10^ ft^/min 

184.1 horsepower 

316 S.S. 

27. 

I /Sil ULquid 
Ptimp 

Pus^ to I„/Sil^ separa- 
tion 

5.56 gpm 

100 f~ of bead 

316 S.S. 

28. 

I^/Sil^ Separa- 
tion Colujm Over- 
heads Pimp 

Pump 0/H for reflux 

and storage 

5.66 qpn 

100 ft 

316 S.S. 

29. 

I^/Sil^ Separa- 
tion Column BottOBts 
Pump 

Pump bottoms for reboil 
and Sil^ storage 

la.i-' —•= 

150 ft 

316 S.S. 

30. 

Ptmp 

Pump liquid throu<^ 

vaporization aid iodina- 
tion 

3. -4 

15C ft 

316 S.S. 

31. 

Sil^ Pusp 

Puap liquid Sil^ to 
purification 

6.89 gen 

100 ft 

316 S.S. 

32. 

Tet Puri fi car ior. 
Column 1 0/H 

0/H to reflux 

and waste 

19. ~5 gpo 

:oc ft 

316 S.S. 


PUE^ 



TABLE i.1-6 (Ooctimied) 




Item 

Function 

Duty 

Size 

Mttberla.l 


33. 

Ttet Purification 
Colimsfi 1 Bottoms 
PtHBp 

Pucp bottoms for 
reboil end remove 
product 

27.25 

150 ft 

316 S.S. 


34. 

Tet Purification 
ColuBBi 2 Feed 
Pump 

Feed to Column 2 

'.504 ^>m 

50 ft 

316 S.S. 


35. 

Tet Purification 
Column 2 O/H Puinp 

Pufiip for reflux and 
to purified stajge 

IP. ‘i'* 

100 ft 

316 S.S. 


36 , 

Tet Purification 
ColuEVi 2 Bottoms 
Pump 

Pump bottoms for 
reooil and waste 

19.35 com 

150 ft 

316 S.S. 


37. 

Deposition Itait 

Produce Si from 
Sil . Si + 21 

144 Kg of Si/bour 
+ 89.82 K cai/gaoie Si 

6 at 1018 ft^ 
each 

Quarts 

202 

38. 

lodination Beactor 

Produce Sil^ from 

met grade Si. 

Si + 2I„ Sil . 

2 4 

3263.25 Kg/hr of row 
Sil^, -44,93 K cal/gmoles 

23 inch ID by 
10 ft tall 

Graphite 


39. 

I^/Sil^ Distilla- 
tion column 

Separate from 

Sil^ for recycle 

Separate 1903.36 Kg/hr 
Sil^ + 2602-61 Kg/hr 

20 ft by 23 
ID 

316 S.S. 


40. 

Purification 
Column 1 

Purify Sil^ by 5% 
cut off top to waste 

Feed rate 5166.61 
Kg/hr Sil^ 

47.6 ft by 
26.5 incii ID 

316 S.S. 


41. 

Purification 
COl\uan 2 

Purify Sil fay 5% 
cut off boftom to waste 

Feed rate 4908.23 
Kg/hr Sil^ 

23.8 ft by 
26 inch It 

316 S.S. 



TABLB 3.1-7 PRODUCTIOH LABOR RBQUIRaMBNTS 

OP DBCOMPOilTION PROCUBB 

4 


BIciUvd 

Unit Op<gatlon Typ«i Man Hyi/Pav Unit 


g«misklll«d 

Man Hra/Dav Unit 


1. Vaporization B 23 

2. Dapoaltlon Unit A 36 

3. Compra avion Syatam B 23 

4 . Vapor Condanaation B 23 

5. 12 /SiI^ Diitilliiitton le 

6. Xodinab.on B 23 


7. Tat Purification C 


16 


8. Matariala Handling A 36 

9. Product Handling A 

160 


72 


Skillad; .0584 Man-lira/KgSi 


Samiakillad: ,0263 Man-hra/KgSi 

TOTAL .0047 Man-hra/KgSi 


HOTBS 

1. A Batch Procaas or Multiple Small Units 
B Average Process 

C Automatad Process 

2. Manhours/Day Unit from Figure 4-6, Paters & Timnwrhaus (7). 
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3.2 Convontionai Proc««* for Polya il icon (Siamana Toduiology) 


Tho chamical onginaorins analyaia activity involvaa a pro- 
liminary procosa daalgn of a plant to produce polyailicon through 
tho conventional procoaa (Slemona Taolinology). 

Tho procaas flowaheot for tho convontionai polyailicon pro- 
cess, consisting of savoral major procosuing oporations of 
hydrochlorination, condensation, distillation and chemical 
vapor deposition, is chown in Figure 3.2-1. 

Initially, metallurgical grade silicon (MGSi) Is reacted 
with anhydrous hydrogen chloride (llCl) in a fluidized bod 
(66O-05O*K) to produce a mixture of chlorosl lanes , which is 
primarily trichlorosilane (TCS) and silicon tetrachloride (TET). 
Since the reactions are highly exothermic, heat transfer for 
removal of heat of reaction Is required to maintain reaction 
temperature control. The mixture of chlorosl lanes from tho 
if§action is condansed and subjected to a several stage distillation 
to separave by-products and remove impurities. 

The purified TCS is reacted with hydrogen (Hg) in t*od reactor 
to obtain polysilicon deposition via the representative reaction: 

SiHCl3 + Hg > Si + 3IIC1 (3.2-1) 

The deposition reaction occurs on the surface of a hot rod 
( 1000-1100“C) which is heated by passage of electrical current 
through the rod. Large electrical energy requirements are 
necessarj' because of the endothermic reaction, radlati /n heat 
losses and Incomplete conversion of the TCS. Unreacted chloro- 
silanes and hydrogen are separated and recycled. Silicon tetra- 
chloride is not recycled. 

A process design was performed to obtain data for the cost 
analysis. The design was based on a plant for the production 
of 1000 metric tons per year of semicondr.ctor grade p'-'l'yeili- 
con via the conventional Siemens process. 

The detailed status sheet for the process design package 
is shown in Table 3.2-1 and is representative of the various 
sub-items that malte up the activity. The summarized results 
for the preliminary process design are presented in u tabular 
format to make it easier to locate items of specific Interest. 

The guide for these tab’3s is given below: 


• Base Case Conditions Table 3.2-2 

• Reaction chemistry Table 3.2-3 

• Raw Material Requirements Table 3.2-4 

• Utility Requirements Table 3.2-5 

• Major Process Equipment Table 3.2-6 


• Production Labor Requirements Table 3.2-7 
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The proG«8s daslgn provides detailed data for raw materials 
utilities, major process equpment and production labor require 
ments which are necessary for polysilicon production. 
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Figiire 3.2-1 preliminary Process Flowsheet for Conventional Polysilicon Process 
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TABLE 3.2-1 CHEMICAL EHGIMEEHING ANALYSES: 

PHELIKmARY PROCESS DESIQJ ACTIVITIES FOR COHVENTIOilAL POIYSILICCM PROCESS 


Prel. Process Design Activity 


Status 


Prel. Process Design Activity 


1. Specify Base Case Conditions 
1- Plant Size 

2, Product Specifics 

3, Additional Conditions 

2. Define Reaction Chemistri’ 

1. Reactants, Products 

2. Equilibrium 

3. Prc, ess Flow Caagram 

1. Flow Sequence, Unit Operations 

2. Process Conditions (T, P, etc.) 

3. Envirorunantal 

4. Cotgpany Interaction 
(Technology Exc±iange) 

4. Material Balance Calculations 

1. Raw Materials 

2 . Products 

3. By~Pro^lucts 

5. Energy Balance Calculaticms 

1. Heating 

2 . Cooling 

3. Additional 

6. Property Data 

1. Physical 

2 . Thermodynamic 

3. Additional 


7. Equipaent Design Calculations 

1. Storage Vessels 

2. Uiit Operations Equipm^t 

3. Process Data (P, T, rate, etc, i 

4. Additional 

8. List of Major Pro<»ss Equipment 

1. Size 

2. Type 

3. Materials of Coostructic» 

8a. Major Tedmical Factors 

(Potential Problem Areas) 

1. Materials OoG¥>atibility 

2. Process Condi ticms Llaitatic«s 

3. Additional 

9. Production Labor Requirements 

1. Process Tfecimology 

2 . Production Volisoe 

10- Forward for Ecoaoiaic Analysis 


0 Plan 

9 In Progress 
9 Couplete 


Status 





TABLE 3 . 2-2 

BASE CASE CONDITIONS FOR CONVENTIONAL POLYSILICON PROCESS 

1. Plant Siz« 

*• 1000 matrlc tons par year 

- Samlconductor grade silicon 

2. Production of TCS 

- rluldlzod Bod, 600°K, low prossuro (65 PSIA) 

“ Metallurgical grade silicon plus ilCl gas 

- Chlorosilano content in condensed raator gas by moles (ref. 32) 

91. 5^ TCS (SiCl H) 

5.21 TET (SiCip 
l./ll DCS (SiClgH-) 

1.91 Heavies 

- Slight excess HCl in reator gas (1%) 

- Hydrogen burned 

3. TCS Purification (ref. 31) 

- Distillation 

- 5% lights to waste (5l of TCS R TET) 

- Separata TCS and TET 

- 5% heavies from TCS & TET to waste 
“ TET for by-product sales 

- TCS to rod reactor 

4. Silicon Production 

- Rod reactor at 105o”c, 20 PSIA 

- Hydrogen to reduce TCS 

- Entering gas analysis 

101 TCS 
90^ 

- 8.17 moles TCS in/mole of Sj production in an operating reactor 

- Exit gas analysis (ref. 20) 

4.339% -^ET 
4.457% TCS 
.089% DCS 
2.197% HCl 
88.92% H 

5 . Waste Treatment 

- Light and heavy cuts from distillation to waste treatment 

- Vapors from TCS reactor condenser to scrubber 

- Vapor from rod reactor to scrubber 

" All waste streams neutralized with NaOH 
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TABLE 3*2-2 (Continudd) 


6. Rdoyclds 

- H- firom rod rdaotor dri«d and raturnad, 5% loasas 

- CnloroallanaB from rod raaobor oondansad off gas raoyolad to 
purification (distillation) 

7 . Oparating Ratio 

- Approximately 90% utilization 

- Approximately 7B80 hour/yoar production 

8. Storage considerations 

- Read materials (two week supply) 

- Product (two week supply) 

- Process (several days) 

9. Filament Pullers 

- Pull rata of 50-100 inches/hour 

- Average of 72 inches/hour used 

- 1/4” Filaments for silicon deposition needed 
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TABLE 3.2-3 


RRAmON CltE^^ISTRY TOR CONVENTIONAL POLYSILICON PROCKB8 

1. TCS Bo actor 

Si + 3 IlCl -*■ SiHClj + 

Si + 4 HCl ->■ SiCl . + 2H, 

4 2 

Si + 2HC1 SlHjCl^ 


2. Rod Reactor 

SiHCl^ + Si + 3HC1 
SiHClj + HCl->-SiCl^ + 

SillCl^ + ’■ SiH^Cl^ + HCl 

3 , Waate Troatmsnt 

SiHCl^ + 2 H 2 O ► SiO^ + 3HCI + 

SiCl. + 2H,0 * Sio^ + 4IIC1 
4 2 2 

SiH^Cl^ + 2H^0 ► SiO^ + 2HC1 + 2H^ 
HCl + NaOH ► NaCl t 
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TABLE 3 . 8-4 


RAW MATERIAL REQUIREMENTS FOR 
CONVENTIONAL POLYSILI'“ON PROCESS 



Raw MatorlaX 

Requirement 
Ib/Kg of Silicon 

1. 

M. Q, Silicon 

6,72 Kg/Kg 

2. 

Anhydrous HCl 

57.96 

3. 

Hydrogen 

.828 

4. 

Caustic (50% NaOH) 

53.29 

S . 

SiCl^ (By Product) 

46.12 
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TABLB 3.2-5 


UTILITY RBQUIRIMBNTS FOR 
COHVBNTIONAL FOLYSILICON PROCBS8 


UTILITY/FUNCTION 


RBQUIRISMISNTS/Kg OF SILICON PRODUCT 


1. Bldotrlclty 


384.62 

Kw-Hr 

1. 

All pump motors (16 motors) 

(.339) 



2. 

2 compressor motors 

(9.243) 



3. 

Polysilioon Rod Reactor 

(375) 



A. 

Filament Pullers 

(.0244) 



2. Skaam (250 PSXA) 


152 ; 

Pounds 

1. 

HCl Vaporiser 

(7.07) 



2. 

Caustic Storage Tank 

(1.62) 



3. 

01 Scrubber Vapor Heater 

(.276) 



4. 

#1 Distillation Column Calandria 

(38.75) 



5. 

02 Distillation Column Calandria 

(47.73) 



&. 

03 Distillation Column Calandria 

(25.24) 



7. 

TCS Vaporiser 

(10.79) 



8. 

#2 Scrdbber Vapor Heater 

(3.4) 



9 . 

Liquid Recycle Heater 

(5.52) 



10. 

#4 Distillation Column Calandria 

(11.3) 



3b 3b # 

Rod Reactor 

(-1287 

generated) 



3. Cooling Wat®r 

1. TCS Rttactor Off Gas Coolar 

(13.91) 

984.1 

5 Gallons 

2. 

Rod Reactor Off Gas Coolar 

(334) 



3. 

04 Distillation Column Condenser 

(37.24) 



4. 

Polysilicon Rod Reactor Cooling 





End Plates 

(473) 



5. 

TCS Reactor Off Gas Compraasor 

(11.12) 



G. 

Rod Reactor Off Gas Compressor 

(115.2) 



4. Procass Water 


320.9 Gallons 

1. 

#2 Gas Scrubber 

(31.36) 



2. 

#1 Gas Scrubber 

(134.82) 



3. 

To Make Steam In Cooling Rod 
Reactor Side Walls 

(154.7) 



5. Refrigerant (-40°F) 


42.1 

M BTU 

X. 

TCS Reactor Off Gas Condenser 

(12.57) 



2. 

Rod Reactor Off Gas Condenser 

(29.52) 



6. Refrigerant (34°F) 


92.3 

M BTU 

1. 

01 Distillation Column Condenser 

(34) 



2. 

#2 Distillation Column Condenser 

(37.4) 



3. 

03 Distillation Column Condenser 

(20.85) 



7. High Temperature Heat Exchange Fluid 


582 

Pounds 

1. 

TCS Fluidized Bod Reactor 

(581) 



2. 

Nitrogen Heater 

(0.61) 



8. Nitrogen 


349. 

1 SCP 

1. 

Molecular Sieves 

(328.5) 



2. 

Polysilicon Rod Reactor Purge 

(20.64) 
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■EKBIE 3.2-6 


U[S” OP MAJOR PROCESS 

EQOIPHENT FOR CCJHVENTICmL POI^YSILICOH PROCESS 


Materials 


w 




Type 

Function 

Duty 

Sise 

of Coostxaction 

1- 

(Tl) 

M.G. Silicon 
Storage Hopper 

Raw Material Storage 

2 Weeks Storage 

4 

6.5 X 10 pilous 

cs 

2. 

(T2) 

Liquid HCl 
Storage Tank 

Raw Material Storage 

2 Weeks Storage 

2.5 X 10^ gallons 
250 PSIA 

Mickel steel 

3. 

(T3) 

Crude TCS 
Hold Tanks (3) 

Peed for Purification 

1 week storage 

2.77 X 10^ gallOQS 
(each) 

CS 

4. 

(T4) 

Waste Hold 
Tanik 

Peed For Waste 
Treatment 

1 Week storage 

4 

3.025 X 10 galloos 

CS 

5, 

(T5) 

TCS Reactor Off 
Gas Flash Tank 

Phase Separation 


1 ft. in diameter by 
4 ft- tall, 300 PSIA 

SS 

6. 

(T6) 

Hydrogen Storage 
Tank 

Make-up For Losses 

8 Hours Backup for 
Pipeline Failure 

7.24 X lo'* gallcsis 
Spherical 250 PSIA 

CS 

7. 

(T7) 

Polysilicon Storage Final Product Storage 
Space 

2 Weeks Storage 

3 

1300 ft. of space 

cs 

8. 

(T8) 

TET Storage 
Tanks (2) 

Final Byproduct 
Storage 

2 Weeks Stoarage 

1.62 X 10 GallOuS 
(each) 

cs 

9. 

{T93 

TET Feed Tanks (2) 

Feed for Distillation 
Column #4 

1 Week .rage 

8.83 X 10^ Gallons 
(eai^) 

CS 

10. 

(TIO) 

TCS Feed Tanks (3) 

Feed for Distillation 
column #3 

1 Day Storage 

2.47 X 10^ GallCBjs 
(each) 

cs 

11. 

fTll) 

TCS Storage 
Tanks {3) 

Purified TCS Hold-Op 
Feed to Rod Reactor 

1 Week Storage 

1.64 X IJO^ Gallons 
(each) 

cs 

12. 

(T12) 

TET/TCS Feed 
Tanks (3) 

Feed for Distillation 
Column #2 

1 Day Storage 

3.75 X 10^ Gallons 
(each) 

cs 



2M 


TaRTiE 3.2-6 (contlrufid) 


13. 

(T13) 

Caustic Storage 
Tank 

Raw Material Storage 

14. 

(T14) 

#1 DistillatiCHi 
CcHidenser Flash 
Ta;ik 

Phase Separation 

15. 

(T15) 

Rod Reactor Off 
Gas Flash Tank 

I^se Separation 

16. 

CHI) 

HCl Vaporizer 

Vaporize Feed To 
TCS Reactor 

17. 

CH2) 

TCS Reactor Off 
Gas Cooler 

Cool Reaction 
Gas 

18. 

(H3) 

TCS Reactor Off 
Gas Condenser 

Condense Reaction 
Gas 

19. 

(H4) 

#1 Scrubber 
Vapor Heater 

Heat Vapor Wastes 
to 49 °f for Scrubbing 

20. 

fH5) 

#1 Distillation 
Column Condenser 

Condense Overheads for 
Be lux 

21. 

CH6) 

#1 Distillation 
ColuBTi Calandria 

Reboiler for Coluon #1 

22. 

(H7) 

#2 Distillation 
Colximn Condenser 

Condense Overheads 
For Reflux 

23. 

(H8) 

#2 Distillation 
ColuHBi Calandria 

Reboiler for Column #2 

24. 

(H9) 

#3 Distillation 
Column Condenser 

Condense Overheads for 
Reflux 


2 Week Storage 
1.91 X 1 q5 BTU/HR 

1.R2 X 10^ Gallons 



1 Ft. in Dlemeter 
by 4 Feet Tall 

CS 


1 Ft. in Diameter 
by 4 Feet Tall 
300 PSIA 

SS 

7.5 X BTC/Ihr 

38.29 Ft.^ 250 PSIA Shell 

SS/SS 

4.4 X 10^ BTU/Hr 

224 Ft.^ 65 PSIA Tubes 

CS/SS 

1.6 X 10^ BTU/Hr 

1423 Ft.^ 300 PSIA Tubes 

SS/SS 

3 X IC^ BTU/Hr 

15.7 Ft.^ 250 PSIA Shell 

CS/SS 

4.31 X 10^ BTU/Hr 

1540 Ft.^ 

CS/SS 

4 X 10^ BTU/Hr 

311. Ft.^ 250 PSIA Shell 

CS/SS 

4.7 X 10^ BTU/Hr 

1555 Ft.^ 

cs/cs 

5 X 10^ BTU/Ur 

402.4 Ft.^ 250 PSIA a»ell 

CS/SS 

2.64 X 10^ BTU/Hr 

867 Ft.^ 

cs/cs 
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3-2-6 (contiiHieiS) 


25. 

(HIO) 

#3 Distillation 
Column Calandria 

Heboiler for 
Column #3 

26. 

{HID 

TCS Vaporizer 

Vaporize Feed To 
Rod Reactor 

27. 

(H12) 

Rod Reactor Off 
Gas Cooler 

Cool Reaction 
Gas 

28. 

(H13) 

Rod Reactor Off 
Gas Condenser 

Condense Reaction 
Gas 

29. 

CH14) 

S2 Scrubber 
Vapor Heater 

Heat Vapor Wastes 
to 40°F for Scrubbing 

30. 

(H15) 

Liquid Recycle 
Heater 

Heat Cold Recycle 
Licuid (Crude TCS) to 
80*^P for Storage 

31. 

(H16) 

#4 Distillation 
Column Condenser 

Ccmdei .ier Overheads for 
Reflux 

32. 

(H17) 

#4 Distillation 
Column Calandria 

Reboiler for Column #4 

33. 

(H18) 

Nitrogen Heater 

Heat Regenerator 

Gas for Molecular Sieves 

34. 

(Pii 

TCS Reactor Off 
Gas Compressor 

Compress Reaction Gas 
For Condensation 

35. 

(P2) 

Caustic Supply 

Supply Caustic for Haste 
Neutralization and Gas 
Scrubbers 

36. 

(P3) 

#1 Distillation 
Column Overheads 
Pump 

Supply Reflux and Remove 
Waste to Waste Hold Tank 


2.64 X 

10^ 

BTD/Hr 

173 Ft.^ 250 BSJA Shell 

CS/^ 

1.13 X 

10® 

BTD/Hr 

3 Ft.^ 250 PSXA Shell 

CS/CS 

1.06 X 

10^ 

BTD/Hr 

2519 Pt.^ 20 PSIA 

cs/ss 

3.74 X 

10® 

BTO/Hr 

3341 Ft.^ 300 PSIA Tubes 

ss/ss 

3-56 X 

ic" 

BTD/Hr 

lao Ft.^ 250 PSIA Shell 

cs/ss 

5.79 X 

ic" 

BTO/Hr 

30.6 Ft.^ 250 PSIA Shell 

ss/ss 

1.18 X 

10^ 

BTO/EX 

513 Ft-^ 

CS/CS 

1.18 X 

10® 

BTD/Hr 

95 Ft.^ 250 PSIA Shell 

cs/ss 

2-46 X 

lo'^ 

BTO/Rr 

44.8 Ft.^ 

CS/CS 

3.52 X 

10® 

BTD/Hr 

138.2 Borsepo««er 

CS 




9 opa 100 Ft. of Bead 

ss 




62.2 100 ?t. of Head 

CS* 
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•ERBIS 3.2-6 (coQtdjwed) 


37. (P4) 

#1 Distiliaticm 
ColuE&i Calandria 
PUBp 

Forced Convection 
Pump 

93 150 Ft. of Bead 

CS* 

38. CP5) 

TET/TCS Feed Puop 

Peed #2 Distillation 
Column 

26.1 gpm 100 Ft. of Bead 

cs* 

39. (P6) 

#2 Distillation 
Column Overheads 
Pump 

St:pply Helux , Pusp 
Overhead to TCS Feed 
Tank 

70 gpm 100 Ft. of Bead 

CS* 

40. (P7) 

TCS Feed Pump 

Feed #3 Distillation 
Column 

21 gpm 100 Ft. of Bead 

cs* 

41. (P8) 

#2 Distillation 
Column Calandria 
Pump 

Forced Convection Pump 

104 gpn ISO Ft. of Bead 

cs* 

42. (P9) 

S3 Distillation 
Coltann Overhead 

Pm^ 

Supply Ref luxr Pump 
Overheads to TCS 
Storage Tank 

39 gpa 100 Ft. of ff6.'d 

cs* 

43. (PIO) 

Hod Reactor TCS 
Feed Puiif> 

Feed TCS to Hod 
Reactor 

15 190 Ft. of Bead 

cs* 

44. (Pll) 

#3 Distillation 
Column Calandria 
PUHp 

Forced Convection 
Pomp 

39 gpm 150 Ft. of Bead 

cs* 

45. (P12) 

Hod Reactor Off 
Gas Compressor 

Compress Reaction 3.65 x 10^ BTD/Hr 

Gas for Ccradensation 

1434 Botrsepower 

cs 

46. (P13) 

#4 Distillation 
Column Overheads 
Pump 

Supply Reflux 

Pump TET by product to 

TET Storage Tank 

21.59 op« 100 Ft, of Bead 

cs* 

47. (P14) 

#4 Distillation 
Column Calandria 

Forced Convection 

PUHp 

22.4 HX) Ft. of Head 

cs* 


Put^ 

NOTES 

*30icludes increiaen-tal highsr cost for special pority rec^iireiaeaats. 
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TRBLB 3.2-6 (ccmtinaed) 


48 - 

49. 

50 . 
5 ’ . 

52 . 

53. 

54. 

55. 

56. 

57. 

58. 


(Pib) 

TET Feed 'Pump 

Feed #4 Distiilatioaa 
Coluju 


9.2 ggm 100 Ft. of Head 

CS* 

(P16) 

Hciste Treatment 
Pump 

Pump from Wast£. Hold 
To Warte “re^tinent 


2.8 ^im 50 Ft. of Head 

cs 

(P17) 

Crude TCS Feed 
Pump 

Feed p..ri: ication 
Area 


28 gpm 100 Ft. of Head 

CS* 

(P18) 

Pr'-XTess Water 
Feed Pump 

Feed Pr >ress Water to 
Scr'oob^r and Waste 
Trt -‘tnent 


350 gpm 100 Ft. of Head 

cs 

(Cl) 

*1 "Oas Scrubber 

Scrub Sas Wastes from 
TCS Praetor Off Gas 


43 Ft- Tall 
D - 3^ Ft. 

ss 

(C2) 

<*2 Tas Scrubber 

Scrub Gas wi.stes from 
H16, K3, HS 


40 Ft. Tall 
D - 2V Ft. 

ss 

(C3) 

#1 Distillation 
Column 

Svearate Light 
Impurities .o ”aste 


29 Trays 
24 ijoebes apart 
3 3/4 Ft. in Diamater 

cs 

<C4) 

#2 Distillation 
Column 

Separate TET and TCS 


29 Trays 
24 Incbes apart 
4^ Ft. in Diam»ter 

cs 

(C5) 

*3 Distillation 
COlUBBl 

Separate Davies 
TCS to Waste 


15 Trays 
20 inebes apart 
3 Ft. in diaamtex 

cs 

(C^) 

#4 Distillatior. 
Column 

Separate Heavier. 
ITir to Waste 


15 Trays 
20 inches apart 
2h Feet in Diameter 

cs 

(Rl) 

TCS Fluidized Bed 
Reactor 

Production of TCS 
For Rod Reactor 

4.552 X 10^ BTO/Br 
(Cooling) 

D = 2.61 I't. 

L = 28.8 Ft. 

64, 1" O D CSoollng Tubes 
9.4* Long 

ss 
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TABLE 3.2-6 


{continued) 


59. (R2) Polysilicon Rod 
Reactors {305) 


Production of 
Polysiiicon 


60. (Al) Molecular Sieves 

( 2 ) 


Dry Out Rod Reactcnr 
Off Gas For Hydrogen 
Recycle 


61. {a2) Fines Separator 


62. (A3) Hydrogen Fleire 


Ren-ove Solids From 
Flu* lized Bed Reactor 
Off Gas 

g 

Dispose of Hydrogen 8.94 x 10 BTD/Hr 

Produced in TCS Fluidized 
Bed Reactor 


63. (A4) Filament Pullers 


Production of 1/4" filaments for 
Polysilicon depositcsi 


Hairpin Reactor (2 hair- 
pins, 3 Ft. lc»ag, 6 Inch Dia.) 

D = 3.5 Ft. 

L *= 14.4 Ft. 


12" Cyclone Separator 


30 Feet High Starfc 
6” diameter 


Quartz 

CS 

SS 

CS 



table 3 j 2„7 


PRODUCTION LABOR REQUIREMENTS FOR 
CONVENTIONAL POLVSILICON PROCESS 


Skilled Labor 



Unit Operation 

Type 

Man Hrs/Day p«r Kcr Si 

1. 

res Production 

A 

80 

.0292 

2. 

Vaporization 

B 

60 

.0219 

3. 

Vapor ComprasBion 

B 

61 

.0219 

4. 

Vapor Condensation 

B 

60 

.0219 

5. 

TCS/TET Separation 

C 

40 

.0146 

6. 

TCS Purification 

C 

35 

.0128 

7. 

TET Purification 

C 

30 

.011 

8 . 

Filament Pullers 


120 

.0438 

9. 

Gas Scrubbing 

A 

64 

.0232 

10. 

Hydrogen Drying 
(Molecular Sieves) 

B 

32 

.0117 

11. 

Crude TCS Recycle 
System 

B 

58 

.0212 

12. 

Silicon Fines Sep- 
aration 

B 

15 

.0055 

13. 

Material Handling 

A 



14. 

Poiysilicon Production 


732 

.2672 


TOTAL 


1386 

.5059 


Samlskllled Labor 
P_<tr Day . Par Ka si 


90 .0329 


90 .0329 


NOTES ; 

1. A Batwrt Process or Multiple Small Units 
B Average Process 

C Automated Process 

f 

2. Man hours/day Unit from Figure 4-6, Peters and Timmerhaus (7). 

3 . Poiysilicon manpower requirements based on batch operation with approximately 1 
operator per 10 reactors. 

4. Filament puller manpower requirements based on 1 nperator per puller. 
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3*3 UCC Sllano ProceRs for Silicon (Union Cnrbldt* Corporation) 


Til® chemical engineering analyHlH activity Involves a pre- 
liminary process design ol a plant to produce silicon via the 
technology under cons Ide rat Ion . 

The UCC silane process (Union Carbide Corjjorat Ion ) for 
silicon involves several processing operntlonN hydrogena- 
tion-hydrochlorlnat ion reaction, stripping, distillation, 
redlHtr Ibut Ion react ion, silane purl f Icat Ion , pryolysis and 
consolidation of silicon. The procesK flowsheet is shown In 
Figure 3.3-1. 

Hydrog(*n. silicon tot rach l<ir ide , and metal luriglcal grade 
silleon are fed to the hydrogenation roiu'ior (tluldtzed bed, 
500"t', 515 psla, copper catalyst) to iirtuluct* a mixture of 
chlorosi lam*s . Tht> mixture of ehlorosi lanes f rom the hydro- 
genation reat!tion is condensed and sub.li'cted t several state 
dsti nation tf» separate components and rcnnove impurities. 

Initially, tlu‘ condensi'd liquid mixture is sent to D-01 
stripper (UO psla) to rrmujve ini'rl gases and volutili; impuri- 
ties. The stripper bottoms go tc» D-02 distillation (.55 psia) 
which .separates T(’S ( t r i ch 1 oro.s i 1 ane ) and Si'C (silicon tetra- 
chloride). The TCS red i st rl but ion la'uclor (liquid phase, 

85 psia, HO“F eat nlyst) is used \ t) procluct' IX’S (dirhlorosllane) . 
The separation e| DCS and TCS is achieved in D-03 distillation 
(320 psia), The overhead goes to DCS redistribution reactor 
(liquid phase, 510 psia, IdO^F, luitalysl) to produce sllano 
(Sill.). The silane is purl fil'd by siqmration 1 fom trace im- 
puritfies (such t.s J I'V b-Od distillation (!b)5 p^;ia). 

The purified si lane i list'd to pi’odiK'o si ! i c lU powtler via 
the pyrolysis react if^n: 

Sill,j > Si + 2H.^. (3.3-1) 

The hydrogen I'rom the reaction is compri'sstd and n'cyi-led to 
the hydrogt'nat ion reactor. The silicon po*vder trorn the pyrolysis 
Is consolidated t') provide' the m<'lten s i 1 i t'on produi't . 

A prmu'ss dt'sign was performc'd to old a in data tor a cost 
analysis of a jitant to produce silicon by thi'. new technology. 

The design was bused on a plant to pri'iduce looo metric tons/yr 
of .silicon via thi' UCC silane pimcess. 

The detailed status sheet fdr the* process (iesign package 
Is shown in Table .3.3-1, and is representative of the various 
Huli-itenis that make up the activity. The summarized results 
for the preliminary process design are presented in a tabular 
format to make it easier to locate items of specific interest. 
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Tho Kuido for these tables is (liven below: 


•Process Flowsheet Figure 3.3-2 

•Base Case Conditions — Table 3.3-2 

•Reaction Chemistry Table 3.3-3 

•Redistribution Equilibrium- — -—-Figure 3.3-3 
•Raw Material Roqulroments-—---— Table 3.3-4 

•Utility Requirements — -Table 3.3-5 

•Major Process Equipment — --Table 3.3-6 

•Production Labor Requirements — --Table 3.3-7 


The process design provides detailed data for raw materials, 
utilities, major process equipment and production labor re- 
quirements which lire necessary Tor polyailicon production. 
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Figure 3.3-1 PROCESS FLOWSHEET FOR UCC SILAHE PROCESS 


PYROLYSIS & 
CONSOLIDATION 










TABLE 3.3-1 CHEMICAL EHGIISEBIKG ANALYSES: 
PRELIMINARY PROCESS DESIQI ACTIVITIES FOR ucc SILANE PROCESS 


Prel. Process Design Activity 


Status 


Prel. Process Design Activity 


1. Specify Base Case Conditions 

1. Plant Size 

2. Product Specifics 

3. Additional Conditiwis 

2. Define Pe action Chenistry 

1. Reactants, Products 

2. EquilibriLun 

3. Process Flow Liagram 

1. Flow Sequence, 'Jnit Operations 

2. Irocess Cc-nditioi.^ (T, F, etc.) 

to Enviror.nental 

4. Company Interaction 
(Technolog-j- Exchar.ge; 

4. Material Balance Calculations 

1. Raw Materials 

2 . Products 

3 . By-Products 

5. Energy Balance CalcuiaticKis 

1. Heating 

2 . Cooling 

3. Additional 

6. Property Data 

1. Physical 

2. Therroodynainic 

3. AdditiCHial 


7. Egtiipaent Design Calculations 

1. Storage Vessels 

2. unit Operations Bquipoient 

3. Process Data (P, T, rate, etc.) 

4. Addi' '.onal 

8. List of Major Process Equipment 

1. Size 

2. Type 

3. Materials of Construct* on 

8a. Major Technical Factors 

(Potential Problea Areas) 

1. Materials Coapatibility 

2. Process Conditions T.imi tatioas 

3. Additional 

9. Production Labor Requirements 

1. Process Technology 

2. Prodwtic-n Volise 

10. Forward for Econoeic Analysis 


0 Plan 

9 In Progress 
• Cooplete 


Status 





CASE C 



Figure 3.3-2 Process Flow Sheet for UCC Silane Process 







(Continued) 








CASE C 



Figure 3.3-2 (Continued) 





Figure 3.3-2 (Continued) 
















TABLE 3.3-2 


BASE CASE CONDITIONS FOR UCC SILANE PROCESS 


1. Plant Siz« 

-Silicon produced from eilane 
-1000 metric tona/yoar of silicon 
-Solar call grade silicon 

2. Hydrogenation Reaction 

-Metallurgical grade ell icon, hydrogen, and recycle ailicon tetrachloride 
(TET) used to product? tr ichlotosilana (TCS) 

-Copper catalyzed 
-Fluidized bed 
-500*C, 514.7 psia 

-20% to 22.5% conversion of (example) 

3. TCS Rediat ribution Heat t i oti 

-TCS from hydrogenation produ- *-;i dichloroeilane (DCS) 

-Catalytic redistribution ol 'ivs with tertiary amine ion exchange realn 
-Liquid phase 85 psia, J40"r 

-Conversion a funci Ion of in:< i concentration (Onion Carbide equilibrium) 
-Conversion from ptm- Tc's about g.5% tc DCS (example) 

4. DCS Redistribution React ioi. 

-DCS producea Sil (4 (silam ) 

-Catalytic rodintr ibui i' n ot In'S with tertiary amine exchange resin 
-Liquid phase SIO paid, 

-Conversion a function of inlet concentration (Union Carbide equilibrium) 
-Conversion from pure DCS feed is about 14% to Silane { example) 

5. Recycles 

-Unreacted chlorosilanos separated by distillation and recycled 

6. Silane Purif ‘cation 

-Final purification by distillation 

-Designed to remove trace impurities {BjHs, example) 

7. Operating Ratio 

-Approximately 85% utilization (on atream time) 

-Apt>roximateJy 7445 liour/year production 

S. Storage Consideration 

"Feed materials (several we«k supply, approx. 1 month) 

-Product (two shifts storage) 

-Process (several hours to 1 sliift) 
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TABLZ 3.3-3 


REACTION CHEMISTRY FOR UCC SILANE PROCESS 

1. Hydyog«natlon Raactlon 

3 SiCl. + SI + 2H- ♦ 4 81HC1, 

4 2 *■ 3 

2. T richlorosllan* R^dlmribution Raactlon 

2 SlHClj ; SiHjClj + SlCl^ 

3. Dtchloroillarm Rtdl»trlbutlon Rjactlon 

3 2 SlHClj + SiH^ 

4. Wasta Traatment (repreacntative ) 

SiHjCl^ + CaCOH)_^ SiOj + CaCl^ + 2H2O 

SiHClj + i.5C>:(OH)^, + 1.5CaCl2 + 2 H 2 O 

SiCl^ + 2 i,'a(OH) ., S1O2 + 2CaCl2 + 2H2O 

5. Silana Pyrolyms Reaction 

SiH. — ■> si + 

4 2 

Mota 

1, Reaction 1 product contains H 2 . HCl, SiCl^z SiHCl^, SiH 2 Cl 2 (trace) , 

other trace chlorides * 

2, Reaction . Product contains SiHCl^ SiCl^, SiH 2 Cl 2 / 

3, Reaction 3 Product contains SiH 2 Cl 2 » SiHCl^* SiCl^, SiHijCl, SiH^ 
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TABLE 3.3-4 


RAW MATERIAL REQUIREMNT8 POR 
Raw Matarlal 

1. M. G. Silicon (Si) 

2. Silicon Tatrachloirida 
(SiCl^j nvak«-up) 

3 . Liquid Hydrogen 
(Hj^ make-up) 

4. Copper Catalyst (Cu) 

5. Hydrate Lime [Ca(0H)2l 


UCC SILANE PROCESS 


Requirement^ 


Ib/hr for 

1000 MT/yr Silicon 

Ib/KG of 
Silicon 

348.6 

2.60 

370.1 

2.76 

4.3 

0.032 

6.8 

0.051 

326.3 

2.43 


Note: 

Assuming all inert gas from !)-oi is 
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TABLE 3.3-5 


UTILITY REQUIREMENTS FOR UCC SILANE PROCESS 


Utility /Fungtion 

Total Requirement 

Requiroment/KG Silioon 

1. 

Elactrlglty 

409.7 KW 

3.050 KW/hr 

2. 

Staam 

23113 Ib/hr 

172.2 Iba. 

3. 

Cooling Water 

70,453 gal/hr 

525 gallons 

4. 

ProoasB Water 

9.52 gal/hr 

0.0709 gallons 

5. 

Refrigerant 

0.130 MM Btu/hr 

968 Btu 

6 . 

Fuel 

3.640 MM Btu/hr 

27,100 Btu 
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•EaBLE 3.3-6 


LIST OF MAJOR PROCESS 
EQDPIHENT FOR DCC SIL^Q^E PROCESS 


Material of 



Equipment 

Function 

Duty /Type 

Size 

CcBistruictioa 

DISTILLATION COLUMNS 





1. 

D-01 Crude TCS/STC 
Stripping Column 

To remove inert 
gases 

24929 Ib/hr 
of feed 

24” diam. 20' tall, 
10 sieve plates 

CS 

2. 

D-02 TCS/STC 
Distillation Column 

To remove STC 
at bottoms 

64,213 Ib/hr 
of feeds 

4.63* diam., 74' tail, 
32 sieve plates 

CS 

3. 

D-03 DCS/TCS 
Distillation Coliunn 

To remove DCS 
at distillates 

46,254 Ib/hr 
of feeds 

4.30' diam., 77.5* tall, 
45 sieve plates 

CS 

4. 

D-04 Silane Distil- 
lation Coltimn 

To p'orify silane 

6967 Ib/hr 
of feed 

24" di^a. , 50'tall, 
30 sieve plates 

316SS 

REACTORS 





5. 

R-Ol Hydrogenation 
Reactor (Fluidized 
Bed) 

Hydrogenation of 
Si and SiCl^ 

25,447 Ib/hr 
of feed 

6.5* diam. x 6.5'/ 

2.5' diam. x 10.5' ccxte 

316SS 

6. 

R-02 DCS Redistri- 
bution React '-r 
(Fixed Bed) 

To convert DCS 
to silane 

6,967 Ib/hr 
of feed 

2' diam., 11.2' tall, 
with catalyst 

316SS 


R-03 TCS Redistri- 
bution Teactor 
(Fixed Bed) 

To convert TCS 
to DCS and STC 

39,287 Ib/hr 
of feed 

3’ diam., 17.3' tall, 
with catalyst 

316SS 

S 9. 

R-04 Sludge 
Neutral izati on 
Reactor 

Waste Treatment 

Agitated 

Tank/Colvmn 

2 ' diam. , 20 ' tall 

316^ 

(for pricing) 
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TABLE 3.3-6 


(Continued) 


HEAT EXCHANGERS 


10. 

H-Ol Liquid Hydrogen 

To provide H 2 

7.22 Ib/hr of 

(Vendor supplied equipment) 



Vaporizer 

gas 

Liquid H 2 



11- 

H-02 STC Cooler 

Exchange heats 

7.23 X 10^ Btu/hr 

893 ft. 2 

316SS/CS 



of STC streams 

shell-tube H. E. 

514.7 psia 


12. 

H-03 Quench Condenser 

To condense 

4.69 X 10^ Btu/hr 

676 ft. 2 

316SS/CS 



chlorosi lanes , 
lOO-P 

shell- tube H. E. 

514.7 psia 


13. 

H-04 Recycle STC 

To provide STC 

1.71 X 10^ Btu/hr 

65.9 ft. 2 

CS 


Vaporizer 

vapor to reactor 

kettle 

514.7 psia 


14. 

H-05 Recycle STC 

To heat STC from 

2.46 X 10^ Btu/hr 

1603 ft. 2 

316SS 


Superheater 

234 to 932 «F 

Furnace Convection 

514.7 psia 


15. 

H-06 Recycle H 2 

To heat H 2 from 

6.78 X 10^ Btu/hr 

331 ft. 2 

316SS 


Heater 

100 to 932“F 

Furnace Convection 

514.7 psia 


16. 

H-07 Shipper 

Reboiler of 9-01, 

9.06 X 10- Btu/hr 

39.8 ft. 2 

CS 


Recoiler 

242*^ 

Kettle 

95 psia 


17. 

H-08 stripper 

Partial Condenser 

86,700 Btu/hr 

36.1 ft. 2 

CS 


Condenser 

of D-01, 139 “P 

shel .-tu e H 9. 

90 vsia 


00 

■ 

H-09 TCS/STC 

Reboiler of D-02 

7.83 X iO^ riva/I-r 

295 ft. 2 

CS 


Reboiler 

216“F 

kettle 

55 psxa 


19. 

H-10 TCS/STC 

Total condenser 

6.24 X 10 ' Btu,4ir 

1315 fc.2 

316SS/CS 


Condenser 

of D-02, 120“F 

shell-tube H. E. 

55 psia 
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TABLE 3.3-6 


(Continued) 


20 . 

H~ll DCS/TCS 
Reboiler 

Reboiler of D-03 

3.50 X 10® Btu/hr 
Kettle 

333 ft-^ 
320 psia 

CS 

21 . 

H-12 DCS/TCS 
Condenser 

Total condenser 
of D-03, 234°F 

3.99 X 106 Btu/hr 
shell-tube H. E. 

429 ft.^ 
320 psia 

31653/23 

22 . 

H-13 DCS Cooler 

To cool DCS before 

redistribution 

reaction 

1.88 X 10^ Btu/hr 
shell-tube H. E. 

22.1 ft . 2 
550 psia 

316SS/CS 

23. 

H-14 TCS Cooler 

To cool TCS before 

redistribution 

reaction 

2.01 X 10^ Btu/hr 
shell-tube H. E. 

161 ft.^ 
85 psia 

316SS/CS 

24, 

H-15 Silane Boiler 

Reboiler of D-04 
278“F 

2.71 X 10^ Btu/hr 
Kettle 

15.4 ft.^ 
360 psia 

316SS/CS 

25. 

H-16 Silane Condenser 

Total conderser of 
-44PF 

1-30 X 10® Btu/hr 
Shell-tube H. E- 

81 ft.^ 
360 psia 

316SS 

26. 

H-17 Silane 
Vaporizer/Superheate i 

To provide silane 
vapor for pyroly- 
sis, 200 “r 

25,000 Btu/hr 
Jacket/tubes 

27.3 ft. 3/12.0 ft. 2 
355 psia 

316SS/CS 

27, 

H-18 Pyrolysis 
Hydrogen Cooler 

TO cool H 2 gas 
from 363 to 100 “F 

43,000 Btu/hr 
shell-tube H- E. 

80.5 ft. 2 
20 psia 

316SS/CS 

28. 

H-19 First Stage 
H 2 Intercooler 

To cool H 2 be- 
tween comp- stages 
328 to 1CX)“F 

38,570 Btu/hr 
shell-tube H-E. 

72.2 ft. 2 
50 psia 

316SS/CS 

29, 

H-20 Second Stage 
H 2 Intercooler 

To cool H 2 be- 
tween comp, stages 

38570 Btu/hr 
shell-tube H- E. 

72.2 ft, 2 
160 psia 

316SS/CS 


328 to 100 “F 
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TABLE 3.3-6 


(Continued) 


PUMPS AND COI-IPRESSOBS 


30- 

C-01 Pneumatic 
Conveying Fan 

Si feed transport 

417 ACFM 
Centrifugal 

5.1 psi Ap 
12 BHP 

CS 

31. 

C-02 Recycle 
H 2 Blower 

E 2 gas blower 

22.8 ACFM 
Centrifugal 

518.7 psla 
1-23 BHP 

CS 

32. 

C-03 First Stage 
H 2 Compressor 

H 2 gas compressor 

164 ACFM; double 
action, reciprocat- 
ing 

48.1 psia discharge, 
19.8 rap 

CS 

33. 

C-04 Second Stage 
H 2 Compressor 

H 2 gas compressor 
action , 

50 ACFM; double 
action, reciprocat- 
ing 

157 psia discharge, 
19.6 BHP 

CS 

34- 

C-05 Third Stage 
H 2 Compressor 

H 2 gas compressor 

15.3 ACFM;double 
.ion, reciprocat- 
ing 

515 psia discharge, 
19.8 BHP 

CS 

35. 

P-01 Quench Contac- 
tor Pump 

Circulating liquid 100 gpra, 
chlorosi lanes centrifugal/raotor 

56.7' head, 
1.56 BHP 

316SS 

36. 

P-03 Recycle STC 
Pump 

To supply STC 

33-1 gpn 

Centrifugal/ 

Turbine 

847' head, 
14.2 BHP 

CS 

37. 

P-04 TCS Distillate 
Punp 

D-02 Reflux/ 
Distillate 

144 gpm 

Centrifugal/ 

Turbine 

589* head, 
33.5 BHP 

CS 

38. 

P-05 DCS Distillate 
Pump 

D-03 Reflux/ 
Distillate 

144 gpm 

Centrifugal/ 

Motor 

759' head, 
26.2 BHP 

316SS 

39. 

P-06 Lime Tank 
Pump 

Circulating Lime 
Slurry 

100 gpm 

Centrifugal/ 

Motor 

103' head, 
4. BHP 

Cast iron 



TABLE 3.3-6 (Continued) 


TANKS AND BINS 



40. 

T-01 Crude 

TCS/STC Storage Tank 

Storage/Feed to 
Silane production 

8 hr. storage, 
horizontal 

12* diara- x 27* 
'Sia 

CS 


41. 

T-02 STC Storage 
Tank 

Storage/Feed to 
Hydrogenat ion 

6 hr, storage. 
Vertical 

14’ diara. x 13.4* 
14.7 psia 

CS 


42. 

T-03 Liq. 
Storage 

Liq. H 2 make-up 
storage 

(Vendor su^^lied equipment) 



43. 

T~04 Waste Settler 
Tank 

To separate solid 
residues 

Vertical cy 1/cone 
bottom 

6* diara., 12’ tall 
514.7 psia 

316SS 

:o 

44. 

T-05 Waste Chlorides 
Tank 

To remove solid 
residues 

285 Ib/hr 
Vertical 

3’ dicua,, 4' tall 
25 psia (aprox.) 

316SS 

u 

45. 

T-06 Quench 
Condenser Receiver 

GaS“liq. separa- 

1*^ rain, storage 
Horizontal 

4* diara. x 11.3’ 
514.7 psia 

CS 


46. 

T-07 Recycle 
Hydrogen Receiver 

gas surge tank 

Vertical 

3' diara. x 6' 
514.7 psia 

CS 


47. 

T-08 Stripper 
Reflux pot 

D-01 Distillate/ 
gas 

30 rain, storage 
Vertical 

2’ diara. x 3.4* 
90 psia 

CS 


CO 

• 

T-09 TCS/STC 
Reflux pot 

D-02 Distillate 

10 min. storage 
Vertical 

5' diara. x 10* 
55 psia 

CS 


49. 

T-10 DCS/TCS 
Relux pot 

D-03 Distillate 

10 min. storage 
Vertical 

4’ diara. x 12* 
320 psia 

CS 


50. 

T-11 A, B 
Silane Shift Tanks 

D— 04 Distillate/ 
Feed to pyrolysis 

4 hr. storage, 
each. Vertical 

5’ diara. x 9.4’ 
360 psia 

316SS 
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TABLE 3.3-6 (Continued) 


51. 

T-13 Pyrolysis 
^2 Receiver 

H 2 Feed to CcHB- 
pressor 

Vertical 
25 psia 

6’ diam. x 12' 

CS 

52. 

T-14 Lime Make-Up 
Tank 

Lime solu. pre- 
paration 

8 hr . storage 
Vertical, open 

5* diam. x 9.2' 
14.7 psia 

CS 

53. 

T-15 Sludge PuniJ 
Tank 

Sludge-solu. 

storage 

4 hr . storage 
Vertical 

5* diam. x 8' 

316SS 

54. 

B-01 M. G. Silicon 
Storage Hopper 

Feed to hydro- 
genation reactor 

344 Ib/hr Si 

20' sq. X 5*/10* cone 
14.7 psia 

CS 

56. 

B-04 Pyrolysis 
Dust Bin 

Solid residue 

Small 

3'diao. X 3* 
25 psia 

CS 


FILTERS 


57. 

F-01 Crude TCS/ 
STC Filter 

In Line Filter 

Small 

solic-liq. 

50 gpm X lOOVi 

CS/316SS 

58. 

F-02 Waste Hydroxide 
Filter 

Remove solid 
residues 

100 gpm 
solid-liq- 

Filtering area 
67 ft. 2 

CS/316SS 

59. 

F-03 Pyrclysis 
Filter 

Remove solid 
residues 

Small Bag 
solid-gas 

20 ft.^ X Sh 

CS/cloth 

60- 

F-04 H. G- Silicon 

Solid-air separa- 

Small Bag 

20 ft.^ X 5 m 

CS/cioth 


Unloading Pilte ' tion in pnexsaatic solid-gas 

conveyor 
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TABLE 3-3-6 {Continued) 


SOLID HANDLIMG EQUIPMENT 


61. 

S-01 M. G. Silicon 
Unloading Cyclone 

Si feed trans- 
port 

6" W. C. Ap 

417 ACPM 

316SS 

62. 

S-02 Double Shell 
Blender 

Si feed to 
reactor 

Blending 

20 ft-Vshroud 

304SS 

63. 

S-03 H. G- Silicon 
Lock Hopper 

Si Feed to 
reactor 

Locking 

20 ft.^ 

CS 

UNCLASSED 





64. 

U-01 Quench Contac- 
tor Ejector 

To withdraw 
gaseous products 
from reactor 

6” W. C. 
Suction 

lOOgpm 
134 ACPM 

316SS 

65. 

U-02 Lime Tank 
Agitator 

Line solution 
preparation 


3/4 HP 

316SS 

66. 

U-03 Vent Gas 
Combustor 

To burn vent gases 
from various dts 

20 ft.^, :--5 HH 
Btu/hr load 

1.22 ACPM 

316SS 

67. 

U-04 Vent Gas 
Ejector 

To withdraw gases 
from cofflb.jstior. 
chairfber 

10" H. C. 
Suction 

KXlgpra 

1.0 CPM (STP) 

316SS 

PY^LYSIS SECTION {Primary) 





1 . 

1 ® 

1 

R-05 Silane Pyrolysis 
Reactors (six) 

To con^rezi: silane 
to sil -con 

25 KW Powe.. 
supply 

3’ d lam. , 15' tall, 
cone i*.ape (a“prox. ) 

Monel/ 

^uartz 

(paricing) 

6S. 

X-01 Helters 
(six) 

Melt siliccHi 

60 KW Power 
supply 


Graphite/ 
Quartz , etc 
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TABLE 3.3-6 (Continued) 


70. 

B-05 Powder Hoppers 
(six) 

Pyrolysis Powder 
collection 

96.1 Ib/hr Si 

8* diam. x 15' width 
ccaie bottom 

316SS 

71. 

X-02 Hydrogen Cooler 

Cool Hydrogen 

42-4 Ib/hr 

See Economic Analysis 

CS/Other 

72. 

X-03 Hydrogen Blower 

Blow Hydrogen 

12U. CFM (STP) 

See Economic Analysis 

CS/Other 

73. 

X-04 Dust Filter 

Filter Dust 

127 CFM (STP) 

See Economic Analysis 

CS/Other 

74. 

X-05 Stcur Valve (six) 

Flow Control 


See Economic AncuLysis 

CS/Other 

75. 

76. 

X-06 Conveyor 
X-07 Drum Loader 

TTcinsport Material 
Load Drums 

96.1 Ib/hr Si and 
its containers 

See Economic Analysis 
See Economic Analysis 

CS/Other 



TABLE 3,3_7 


PRODUCTION LABOR RBQUIRBMBNTS FOR UCC SILANE PROCESS 


S«ction/Unlt S);ill<id Labor SsmiskilXtad Labor 

Oparatlon nian.~hr/K6 Si (opar/ahift ) man-hy/KG Si (opar/ahigt) 


1. 

Hydrogenation 

0.00745 

(1) 

0.00745 

(1) 

2. 

Silane 

0.02230 

(3) 

— 


3. 

Pyrolysis 

0.029BO 

(4) 

— 


4. 

Waste Treatment 

0.00745 

(1) 




5, 

Hydrogen Compression 

0.00745 


....... 



TOTAL 

0.0745 

(10) 

0.00745 

(1) 


Note 

Manpower estimate for production labor requirements based on: 

1. Dividing plant into sections 
-type of unit operation 
-mark off working area 

2. Specify work duties required in each section 

3. Estimate operators required to perform work duties in 
each section 

-type of unit operation 
-size of working area 

-degree of automation (batch, semi-continuous, continuous, etc.) 
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3.4 BCL Process for Silicon - Case A (Battello Columbus Laboratories) 


The chemical engineering analysis activity involves a pre- 
liminary procoBB design of a plant to produce silicon via the 
technology under consideration. 

The process flowsheet for the Case A of BCL process to 
manufacture silicon is shown in Figure 3.4-1, This process 
consists of several major processing operations of distilla- 
tion, vaporisation, stripping, condensation and a deposition 
reaction to produce silicon as well as electrolysis to recover 
the zinc. 

Silicon tetrachloride (SiCl. ), which is the major raw ma- 
terial, is fed to the distillaflon section for purification, 
to remove impurities (such as boron and phosphorous). In the 
deposition section, purified silicon tetrachloride Is vaporized 
and preheated to the reaction temperature, 027“C, before it 
is Introduced Into a silicon deposition unit, which is a fluid- 
ized bed reactor, I^inc »'apor, produced by a specially designed 
Induct ion-heated vaporizer, Is also introduced to the reactor 
at the same temperature for the reaction. The reaction ec^ia- 
tion to show tln^ silicon dt'posltlfin is 

SlCl^ + 2Zn > Si t nZnClg (3.4-1) 

Silicon granules produced by the deposition reaction, which 
descend to the bottom of reactor, are cooled and collected in 
containers, A small amount of silicon seed Is fed to the reac- 
tor to control the particle size of the silicon product. Zinc 
chlt>rlde and unreacted zinc are recovered and fed to the elec- 
trolysis section, while unreactod silicon tetrachloride is 
recycled to the dist i I lat itm section. 

In the e 1 f?ci rn ! ysl s si?ctlon, zinc chloride is reduced to 
zinc by low voltag'- (1-5 volts) electrolysis cells. Zinc is 
rei'vcleii In 1 lu' iiepo;ution unit, >^h i le t'hlorim' gns is col- 
lecifi, ,,s I Ik* by-iH nJiii' t . Tiie aepositlon and electrolysis 
sections are purged with inert ra:: (such as argon). Waste 
gas(>B Ifom \arioiis sections are coMerieii and treated with 
hydrate lime soh iion in the* w.isie treatment seel Ion. 

A ju'oeess dosi):n was portovmed to (iblaiii data lor a cost 
analysis of a plant to produce silicon bv this new technology. 
The design was based <m a plant to priiduce lOOU mc*trlc tons/yr 
of silicon via the BCL process. In Case A, two deposition 
r(?HClors and six electrc)lysi.s cells are required. 

The detailed status sheet for the process design package 
is shown in Table 3,4-1 and i.s representative of the various 
sub-iLoms that make up the activity. Tlie summarized results 
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for tha pralirainary procas* daalgn ara prasantad in a tabular 
format to maka it aaalar to locata itams of apacific intaraat. 
Tha guide for thaaa tables is given below; 


• Proceaa Flowsheet- -Figure 3.4-1 

• Base Case Conditions — -Table 3.4-2 

• Reaction Cbamistry————— -Table 3.4-3 

’ Raw Material Requiramanta- --Table 3,4-4 

• Utility Raquiroments-— — --Table 3,4-6 

• Major Process Equipment -----Table 3.4-6 

• Production Labor Raquiraroonts Table 3.4-7 


The process design provides detailed data for raw materials, 
utilitias, major process equipment and production labor ra- 
quirements which are necessary for polysilicon production. 
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TABLE 3.4-1 CHEifrCAL ENGIKEEHIHG ASALYSESi 
PRELIHINARy PROCESS DESIQI ACTIVITIES FOR BCL PROCESS _ ^ 


Frel, Process Design Activity 


Status 


Pr&l. Process Design Activity 


1. Specify Base Case Ccxiditxcais 

1. Plant Size 

2. Product Specifics 

3. Additional Conditions 

2 . Define Reaction Chemistry 

1. Reactants, Products 

2. ^piilibrium 

3. Process Flow Diagram 

1. Flow Sequence, Unit Operations 

2. Process Conditions (T, P, etc.) 

3. Environmental 

4 . Cc»! 5 »any Interactic«i 
(Technology Exchange) 

4. Material Balance Calculations 

1. Raw Matericils 

2 . Products 

3. By-Products 

5. Energy Balance CalculaticKis 

1. Heating 

2 . Cooling 

3. Additional 

6 . Property Data 

1. Physical 

2. Hiermodynamic 

3. Additional 


7. Equipment Design Calculations 

1. Storage vessels 

2. unit Cperations Equipment 

3. Process Data {P, T, rate, etc.) 

4. Additicxial 

8. List of Major Process Equipn^t 

1. Size 

2. Type 

3. Materials of Constructicm 

8a. Major Technical Factors 
(Potential Problem Areas) 

1. Materials Coo^tibllity 

2. Process Conditions Limitations 

3. Additional 

9. Production Labor Requirements 

1. Process Technology 

2 . Prodtictioa Volume 

10. Forward for EctxKxaic Analysis 


0 Plan 

e In Progress 
t Cosplete 


Status 











Figure 3.4-2 Process Flow Sheet for BCL Process-Case A 
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Figure 3.4-2 (Continued) 


c 

c 


Figure 3.4-2 (Continued) 


Note: For 50 HT/yr 









Figure 3.4-2 (Continued) 









Figure 3.4-2 (Continued) 







tahle 3.4-2 

BASS CASE CONDITIONS FOR BCL PROCESS - Case A 


1. Plant Siza 

-silicon producftd from silicon tatrschlorido (TST) 

-1000 motric tons/yr of silicon 

-solar call ^rads silicon 

-solid phttso product form (granules) 

2. Light End Distillation 
-purification of TET by distillation 
-ramova 4i chlorosilanes as the light and 
-80"c^ 10 psig 

3. Heavy End Distillation 
-purification of TET by distillation 
-remove 4% impurities as the heavy end 

-92% over-all yield of TET from both distillations 
-ao^C, 10 psig 

A, TE.T Vaporizer 

-to supply TET vapor for deposition reactor 
-by power input (resistance heater) 

-hold at constant level and constant pressure 
-lb4*F 

5. Deposition Reactor 

-reduce TET by zinc to produce silicon 
-deposit on pure silicon seed 
-fluid bed 

-927'’C (1700»F, 1 atm) 

-63% conversion of TET to silicon 

6. Reactor Condenser 

-to condense gates from reactor (ZnCl^f unreactod Zn and SiCl^ gases) 

-partial condensation 

-using therm i no! 66 as the coolant 

-927"C inlet temperature and 350“C outlet temperature 

7. Reactor '^nCl^ Stripper 
-work as partial condenser 

-to condense ZnCl 29 As from SiCl^ gas 

-operating at the temperature rxght above ZnCl 2 melting point (318“C) ( 3*i0*C 
-using thermlnol 66 as the coolant 

, Cell ZnCl, Stripper 

-opera tes‘'as partial condenser 

-to condense ZnCl^ gas from CI 2 and SiCl^ gases 

-operating at the temperature right above ZnCl 2 melting point (318®C) , 350*C 
-using therminol 66 as the heat exchange medium 
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TABLE 3.4-2 (Continusd) 


9. Raactor SICI 4 Condunsar 

-condanitt SICI 4 gas for racycla 
-antifroaxa ai tha coolant 

-350*C inlttt tamparatura« 20“P outlat tomparaturs. 

10. Elactrolyaia 

-alactrolytic racovary of Zn from ZnCl 2 
-CI 2 gaa la by product 
-95% Zn racovary 
-500"C, approx. 1 atm 

11. Zinc Vaporizar 
-to vaporiza Zinc 
-by induction haating 
-927 ®C, approx. 1 atm. 

12. Wastaa Traatmant 

-to scrub and nautraliza SiCl^ and chlorosilana qaaea 
-caustic solution used to nautraliza 

13. Oparating Ratio 

-approximately 80% utilization (on sttv«f'.i tima) 
-approximately 7,000 hr/yr production 

14 . Storage Considerations 

-feed material {two weak supply) 

-product {two shifts storaga) 

-process (several hours) 
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TABLE 3.4-3 

REACTION CHEMISTRY FOR BCL PROCESS - Case A 

1. Silicon Papoaition 

2Zn + SiCl^ -»■ Si+ + aznCl^ 

2. Blactrolyaia 

zncij smu) H. cij (9) 

3. Waata Traatroant 

SiCl^ + 2 H 2 O SiOj + 4HClCaq) 

NaOH(aq) + HCl (aq) ->-NaCl(aq) + HjO 
or 

Ca(OH) 2 (aq) + 2HCl(aq) •> CaCl 2 (aq) + 2 H 2 O 
3a. Waata Treatinant (50 MT/yr quit) 

Cl 2 (g) + 2NaOH(aq) NaOCl(aq) + WaCl(aqJ + II 2 O 
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Tabl® 3 . 4-4 


Raw Matarial Raqulramanta for 
BCL Procui«« - Cas© A 


Raw Matarial 

1, Silicon Tatrachlorida, SiCl 4 

2. ZinCf Zn 

i Caustic (50%), NaOH(aq) 
or 

Lima (99%), Cn(OH )2 

4 . Argon 

5. Nitrogen 

6. Chlorine, CI 2 (by-product) 


Rsqui reman ta 
Ib/KG of Silicon 

15.681 

0.54 

5.23 

2 . 85 ^ 

3.1 8CF3 
7,6 SCP3 
11,12 


1. Includes light wastes (4%), heavey wastes (4%) and additional losses (V%) . 

2. Includes neutralization of distillation section, deposition section, 
electrolysis section and chlorination losses, 

3. Estimate from BCL 
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TABLE 3.4-6 


UTILITY REQUIREMENTS ROB BCL 

PROCESS - Cas-J A 


Utlllty/Functlon 


R«qulr«mTitB/itq of Silicon Product 


1. Elactrlcicy 

1, Low Volatjq'i D.C. for Electro- (20.51) 


lyelB 



2. 

Zinc Vaporiser Induction Heated 

( 

5.62) 


3. 

Preheat Section of Deposition 
Unit Induction Heated 

{ 

1.39) 


4. 

Electrolysis Feed Tank Heater 

( 

0.24) 


5. 

Molten Zinc Storage Heater 

t 

0.10) 


6. 

Stcl^ Vaporiser 

( 

0.53) 


7. 

Pumps, Blowers 

( 

2.53) 

2. 

Steam (50 PSIA) 




1. 

#l Purification Column Reboiler 

( 

4.59) 


2. 

#2 Purification Column Reboiler 

( 

4.30 


3. 

Caustic Storage Heating 

{ 

0.29) 


4. 

#1 Purification Column Preheater 

( 

0.49) 

3. 

Coolinq Water 




1. 

#1 Purification Column Condenser 

(16.94) 


2. 

Purification Column Condenser 

(15.08) 


3. 

Purified Tot Cooler 

( 

1.67) 


4. 

Chlorination Cooler (H-17) 

( 

0.53) 


5. 

Cell Gas Cooler (H-18) 

( 

2.86) 

4. 

Process Water 




1. 

Diluent for Waste Treatment 

(24.20) 

5. 

Refrigeration 




1. 

Reactor Sici^ Condenser (H-11) 

t 

\ 

1.28) 


2. 

SiCl^ Vent Condenser (H-07) 

( 

1.10) 


30.92 jtw-hr 


9.67 pound* 


37.88 Gallon# 


24.20 Gallons 


2.38 K9tu 


Note; k. = kilo = 10^ 


257 



258 


TABLE 3.4-6 


LIST OF MAJOR PROCE^ E^IPMEHT 
FOR BCL - Case A 


Material of Capacity Ratio 



Equipment 

Function 

Size/Type 

Cons tmction 

to 1000 MT/yr 

PROCESS TOWER AND INTERNALS 




1. 

D-01 Light End 
Distillation Column 

To purify SiCl^ 

8" dia. X 21 ' , packed 
13.5’ 

Coltmai, CS/packing, SS 

20 

2. 

D-02 Heavy End 
Distillation Column 

To puri^ SiCl^ 

8" dia. X 21 ' , packed 
13.5* 

Column, CS/packing, SS 

20 

3- 

A-01 Primary SiCl^ 
Vent Scrubber 

To scrub SiCl 4 
vent gas 

3’ dia. X 4 ’4" T/T, 
225 gal/flat bottom 

FRP 

1 

4. 

A-02 Final SiCl. 

4 

Vent Scrubber 

To scrub SiCl^ 
vent gas 

7 ’6'' dia. x 17*4" T/T/ 
4 pp trays. Teflon 
dlmister 

FRP 

1 

HEAT EXCHANGER 





5. 

H-01 L.E. Column 
Feed Heater 

To preheat feed 
to D-01 

2’ dia. X 5* , 15,013 
Btu/hr / external 
heater 

CS 

20 

6. 

H-02 L.E. Column 
Reboi] er 

Reboiler of D-01 

2’ dia. X 3’, 51,522 
Btu/hr / external 
heater 

CS 

20 

7. 

H-03 L.E. Column 
Condenser 

Total condenser of 
D-01 

47,430 Btu/hr/sheli-tube 
H.E. 

CS 

20 

8. 

H-04 H.E. Column 
Feed Heater 

To preheat f- -id 
to D-n 

2' dia. X 5*, 14,331 
Btu/hr/extemeil heater 

CS 

20 



TABIiE 3.4-6 {Continued} 


9. 

H-05 B.E. column 
Beboiler 

Heboiler of D -02 

2* dia. X 3*, 56,641 
Btu/hr/extemal beater 

CS 

20 

10 . 

H-06 H.E. Column 
Condenser 

Total condenser 
of D-02 

52,292 Btu/hr/shell- 
tube H.E. 

CS 

20 

11 . 

H-07 SiCl 4 Vent 
Condenser 

Condense SiCl^ from 
vent gas 

38 ft^, 18,000 Btu/ 
hr/ 'iell-tube H.E. 

CS 

20 

12 . 

H-Oe SiCl^ Vaporizer 

To provide S 1 CI 4 
vapor to reactor 

2.75* dia. X 3' T/T. 
13,648 3tu/hr/ 
resistance heater 

CS 

20 

13. 

H-09 Reactor 
Condenser 

To condense by 
products from 
reactor 

14- dia. X 6.4'. 
126,237.2 Btu/hr 

Graphite W/SS d»ell 

20 

14. 

H-iO Reactor ZnCl 2 
Stripper 

Tc condense ZnCl^ 
gas 

12 ft^, 2,652 Btu/hr/ 
shell-tube H.E. , finned 
U-tube 

316 SS 

20 

15. 

H~ll SiCl 4 
Condenser 

To condense SiCl^ 
jas for recycle 

6,401 Btu/hr (x 4.62 
= 29.573 Btu/hr) 

316 SS 

20 

16. 

H*12 Cell Zn-": . 
Stripper 

'c condense ZnCl^ 
vapor 

9,841.4 Btu/hr/shell- 
tube# H.E. (X 0.32) 

Inconel 600 

20 

17. 

H~13 Tbermir.o; 

Cooler (cold 'rircui?; 

'^0 :<■ .1 TVierwif'Oi 
; 5^ 

68 ft^, 11,000 Btu/hr/ 
shell-tube rt.E., 

500 psxa 

CS 

20 

18. 

H-14 Therminol 
Cooler (hot circuit: 

To crxr>' Th^rminol 

fib 

262 ft^, 120,000 Btu/hr/ C3 
shell-tribe H.E., 500 psia 

20 

19. 

H-15 start-up 
Heater 

Them start 

up 

98,950 Btu/hr/tf-tube 
15', resistance heater 

CS 

20 

2C. 

H-16 Silicon 
Product Cooler (twc'i 

To oc-t'l the Si 5,735 Btu/hr 

product from reactor 

Sic 

20 
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TABLE 3.4-6 (Continued) 


20a. 

H-17 Chlorination 
Cooler 


20,000 Btu/hr, Area 
200 ft2 

SS 

1 

20b. 

H-18 Cell Gas 
Cooler 


i*ft8 X 10^ Btu/hr, Area 
1805 ft2 

cs 

1 

PIWXTESS AND STORAGE VESSELS 




21. 

T-01 SiCl^ Storage 
Tank 

Storage/feed to 
purification 

7' dia. X 16' T/T/ 
4,600 gal 

CS 

20 

22. 

T-02 SiCl4 
Emergency Storage 
Tank 

Storage/feed to 
pur i f icat ion 

7* dia. X T/T/ 

4,600 gal 

cs 

20 

23. 

T-03 L.E. Column 
Reflux Drum 

To hold distillate 
for reflitc 

12" dia. X 4‘/23 gal 

cs 

20 

24- 

T-04 Surge Tank 

Surge Tank for 
D-01 bo^ tom 

3’ dia. X 4'/200 gal 

cs 

20 

25. 

T-05 Sump Tank 

Sump for purifica- 
tion un-t 

3' dia. X 4'/200 gal 

cs 

20 

26. 

T-06 H.E. Column 
Reflux Drum 

To hold distillate 
for reflux 

12" dia. X 4’/23 gal 

cs 

20 

27. 

T-07 Pure Sir: 
Storage Tank 

Storage feed to 
Siclj Vaporizer 

6‘ dia. X 10' T/T/ 
1900 gal 

cs 

20 

2H. 

T-08 Electrolysis 
reed TanJ< 

Stc-ag. feed ZnCl 2 50" x 158" x 38"H/ 
:o e I ictrolysis cell 7" graphite TH 

Gra£^ite/304 SS 

20 

29. 

T-09 Molter Sine 
Storage Tank 

Storaiu feed to 
Zinc vaporizer 

W/heater 68,242 Btu/hr 

Graphite/304 SS 

20 

30. 

T-10 Therminol Head 
Tar.k 

Srerage Therminol 

1.5' dia. X 3.75’ T/T/ 
49.6 gal 

CS 

20 
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TABLE 3 . 4-6 {Contir.ued 


31. 

T-11 Therminol Drain 
Down Tank 

TO store drained 
Therminol 

2.75' dia. X V T/T/ 
133 gal 

CS 

2C 

32. 

T-12 Cniorine S\3p- 
piy rank 

Tc tupply chlorine 
gas 

1 1/2' dia. X 3’/ 
37.62 gal 

CS 

20 

33. 

T-13 Lime 
Storage Tank 

Storage Lime 

12’ dia. X 14 ’6" T/T/ 
12,000 gal 

FEP 

1 

PUMPS WITH DRIVERS 





34. 

P-01 Ptirification 
Feed Pump 

To feed SiCl. to 
storage tank 

30 gpB, 31' head/ 
centrifugal, 1 1/2 hp 

CS 

20 

35. 

P-02 L-E. Column 
Peed Pisnp 

To supply SiCl^ 
to preheater 

28.9 gph, if. - 72 psia/ 
0*5 tro. 

CS 

20 

36. 

P-03 L.E. Coluzan 
Relxix Pump 

D-01 Reflux 

51.7 gt^, Ap = 23 psia/ 
0.5 to. 

CS 

20 

37. 

P-04 Surge Tank 
Pump 

To supply SiCl^ 
to H.E. Column 

29.4 gph, Ap » 53 psia/ 
0.5 hp'. 

CS 

20 

38. 

P-05 SUH5> PUH^J 

To pun?; Sicl^ to 
emergency taiik 

30 gpm, 31' head/ 
centrifugal, 1 1/2 hp. 

CS 

20 

39. 

P-06 L.E. Colunn 
Bottom PUH 5 > 

To pur^ SiCl^ to 
surge tank 

29.4 gpn , ip = 53 psia-' 
0.5 hp , 

CS 

20 

40. 

P-07 H.E. Col'omr 
Relux Pun^ 

D-02 Reflux 

57.1 gph, 25 psia/ 

0.5 hp. 

CS 

20 

41. 

P-08 K.E- Columr: 
Bottom Pua^ 

To pump bottom 
solution to waste 
treatment 

1.3 gph, ip = 25 psia/ 
0.5 hp . 

CS 

20 

42 

P-G9 SiCl4 

To feed SiCl^ to 

15 gph , 31 ' head/ i/2 hp 

CS 

20 


Vaporizer Feed Pump Vaporizer 
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TABLE 3,4-0 {Continuedi 


42. 

P-IQ Reactor Zzn- 
denser Circulatioc 
Pump 

To circulate roo- 
den sates 

:.4 gpm, 3C head/1/2 hp 

Graphite 

20 


=-11 Cold lirca-- 
Puiap (twc) 

Cold Therriinol 
c trculation 

20 gpm, 85’ head/centri- 
fugal , 2 hp- 

US 

20 

45. 

P-12 Hot Circuit 
Pump 

Hot Therminol 
circulation 

62 gpm, 85* head/centri- 
fucal , 4 ho- 

cs 

20 

4-5. 

?-13 Primary 
Scrubber Re :..r :ula- 
tion Pump 

Recirculation for 
Scrubber i-Cl 

2C gpm, 125' head/ 
centrigugal, 2.5 hp. 

Duriron 

1 

t 

?-I4 Primary 
Scrubber Lower-loop 
Recirculatin'^ Pump 

Circulate solution 
for Lower-loop of 
Scirijbber A-02 

100 gpm, 103’ head,' 
centrifugal, 7 1/2 hp. 

Ouriror. 

1 

48 

P-15 Primary 
Scrubber Upper-loop 
Recirculating Pump 

Circulate solution 
for upper -loop of 
Scrubber A-02 

100 gpm, 13’ bead/ 
centrifugal, 2 hp. 

Duriron 

1 

49. 

P-16 Make up Lime 
Metering P'mp 

Ulaie make up 

0.9 gpm, 25' head/ 
centrifugal, 1/2 hp. 

CS 

1 

FILTERS 





50. 

F-01 L.E. Col imr. 
Feed Filter 

Remove solids 

29 gph, Ap = 5 psia/ 
140 micron 

C^ 

20 

51. 

F-02 L.E. CcluEi" 
Reflux Fil ter 

Remove solids 

30 gph, Ap = 5 psia/ 
140 micron 

CS 

20 

52. 

F-03 H. E. Column 
Feed Filter 

Remove solids 

52 gph, Ap = 5 psia/ 
140 icicron 

CS 

20 

53. 

F-04 H.E. Column 
Relfux Filter 

Remove solids 

31 gph, Ap = 5 psia/ 
140 micron 

CS 

20 



263 


TA3I-E: 


3.4-6 (Ccwitinued) 


54. F-05 'Sierminol To filter the solids 

Cooler Blower frcsn air 

Filter 


20 


SPECIALIZED equipments 

35. K-31 Fiui-dized To reduce 



Bed Reactor (two) 

Si by Zn 

56. 

FN-Ci Furnace (two) 

To preheat SiTl^ 
gas 

57. 

B-Ql Seed Addition 
Hopper (two) 

To feed Si seed to 
the reactor 

58. 

B-02 Si Product 
Hopper (four) 

To hold Si product 

59. 

B-03 ’55inc Hopper 

To hold avake up 
Zinc 

G w • 

C-Cl Thermincl 
Cooler Blower 

Thermir.Jl system 
air cooler blower 

61. 

C-02 Scrufater Ve.'it 
Blower 

Suck SiCl^ gas 
for A-01 & A-02 

62. 

E-01 Eductor (two) 

SiCl 4 scrubbing 
(Scrubber D-05) 

63. 

EC-01 Exectroiysis 
Cell (six) 

To recover Zr. frcan 
ZnCl^ 

64. 

PW-01 Power Supply 

To supply power to 
electrolysis cell 

65. 

VP-01 Zinc 
Vaporizer (two) 

To provide zinc 
vapor to reactor 


tc 1330.2 Btu,'T^r, f. 5 " Graphite Lined /SS 

2"'2,966 Btu/hr 



310 SS 

6 gal 

310 SS 

49 gal 

CS 

509 acfim fan/electric , 

1 1/2 hp., 12-1/2" wheel 

CS 

10,009 acfE/'electric , 
-0 hp. 31-1/2" wheel 

FRP 

20 gpoi, fip = 47.4 psia/ 
HydraiiLic ejector, 
l-i/2" NPT 

ra.V.C, 

5,000 -e.OOO ar^, cells 

Graph ite/SS 


545,933 Btu/hr. 

104,128.8 Btu/hr Quartz 

13.5" dia. X 32" 


20 


20 

20 

20 

20 

20 


t 


20 

20 

20 
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TABLE 3.4—6 (Continued) 


NOTEi 

1. For the 1000 MT/yr plant, items 3, 4, 33, 46, 47, 48, 49, 61, and 62 are used for waste treat- 
ment of distillation wastes (light, heavy) eind vent gases. 

2. In the 50 MT/yr facility, these items are used for hypochlorite maufacture which is not present 
in the 1000 MT/yr plant* 

3- For H-11, the operation conditions were changed from 171*F - 32“F to 662“F - 20“F* 

4. For H-12, the operations conditions have been chnaged from AT = 855“F to 270“F. 



TABLB 3.4-7 


PRODUCTION LABOR REQUIREMENTS FOR 
BCL PROCESS - Case A 


Saction 


Labor 


man-hr/KG Si (opar/ahift) 


1. 

Purification 

(I) 

o 

• 

o 

(2) 

2. 

Deposition 

(II) 

0.01402 

(2) 

3. 

Electrolysis 

(III) 

0.02103 

(3) 

4. 

Waste Treatment 

(IV) 

0.00701 

0) 

5. 

Product Handling 

(V) 

0.00701 

(1) 



TOTAL 

0.06309 

(‘3) 


Note 

Mftiipower estimate for production labor requirements based on! 

1. Dividing plant into sections 
-type of unit operation 
-mark off working area 

2. Specify work duties required in each section 

3. Estimate operators required to j>erform work duties in 
each section 

-type of unit operation 
-size of working area 

-degree of automation (batch, semi-continuous, continuous, etc.) 
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3.5 BCL Process for Silicon - Case B (Battelle Columbus Laboratories) 


The chemical engineering analysis activity involves a pre- 
liminary process design of a plant to produce silicon via the 
technology under consideration. 

The process flowsheet for the Case B of the BCL process to 
manufacture silicon is shown in Figure 3.5-1. This pi'ocess 
consists of several major processing operations of diatllatlon, 
vaporization, strippping, condensation and a deposit. Ion reaction 
to produce silicon as well as elecrolysls to recover the zinc. 

Silicon tetrachloride (SiCl , which Is Uu* major raw ma- 
terial, is fed to the distillation section for purification, 
to remove impurities (such as boron and pbosphorcniK) . In the 
deposition section, purified silicon tetrad. If'clrtc* ts vapor- 
ized and preheated to the reaction temperature, P27*C, before 
it is introduced into a silicon d isition unit, which is a 
fluidized bed reactor. 2inc vap« 'roduced by a specially 
designed Induction-heated vapor 1/ is also introduced to 

the reactor at the same tomperat ur ' ior the react ion. The 
reaction equation to show the silicon deposition is 

Siri^ + 2Zn > Si + Z/.nClg (3.5-1) 

Silicon granules produced by the depcndtioii rcuict.ion. which 
descend to the bottom of reactor, are cooled and collected 
in containers. A small amount of silicon seed is f{>d to the 
reactor to control tl) particle size of the silicon product. 

Zinc chloride and unreacted zinc are rocoveri'd and Fed to the 
electrolysis section, while unreacted .silicon tetrachloride 
is recycled to t..e distillation section. 

In the electrolysis section, zinc chloride is redueed to 
zinc by low voltage (4-b volts) electrolysis lU’lls. Zinc is 
recycled to the d«'posil.ion unit, while chlorine gas is collected 
as the by-produci Tin? deposition and electrolysis sections 
are pip'ged with insert gas (such as argon). Waste gases From 
variou.s sections are collected and treated with hydrate lime 
solution In the waste treatment section, 

A process design was performed to f>blaln data For a cost 
anaiysis of a plant to produce silicon by this ne-v technology. 
The design was breed on a nlant to ur('duci> iQe) metric tons/yr 
of silicon i a the p-’L process. In case d the .jrocess ci'intains 
one deposition reactor and two el er i ro i vs i ;■ colls as compared 
with two deposition reactors and six el e<'trolysi,s cells for 
Case A which was reported earlier. 

The detailed status sheet for the process design package 
is shown in TAble and l.s representative of the various 

sub-it.ans that make up the activity. Tlvc suinmar i /.ed results 
For f lu' preliminary I’rocess design arc presented in a tabular 
Forniil to make it ea'^ier to locutt items ef spor ific interest. 
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The guide for these tables Is given below: 


• Base Case Conditions Table ^5,6-2 

• Reaction Chemistry Table 3,6-3 

• Raw Material Requirements------ Table 3,5-4 

• Utility Requirements Table 3,5-5 

• Major Pi'ocess Equipment— — --- — - — - — Table 3.5-6 

’ Production Labor Requirements — —Table 3.6-7 


The process design provides detailed data for raw materials, 
utilities, major process equipment and production labor re- 
quirements which are necessary for polysilicon production. 
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TABLE 3 CHEMICAL ENGINEERING ANALYSES; 

ERGCESS LESI ■3» ACTIVITIES FOR BCL Process fC3se B) 


Prel.. Process Deargn Activity Statxis 

1. Specify Base Case Cmditions • 

1. Plant Size • 

2. Product Specifics • 

3. Additional Condi ticois • 

C. Define React- i'^n Chenustry • 

1. Reactants, Products • 

2 . Equilibrium • 

3. Process Flow Diagram • 

1. Flow Sequence, tiiit Operaticais • 

2. Process Conditions ^T, P, etc.) • 

3. Environmental • 

4 Conroany Interaction • 

(Technology Exchange) 

4. Material Balance Calculations • 

1. Raw Materials • 

2. Products • 

3. By-Products • 

5. Energy Balance Calculations • 

1. Heating • 

2 . Cooling • 

3. Additional • 

6. Propearty Data • 

1. Physical • 

2. Hiermodyramic • 

3. Additional • 


Prel. Process Design Activity Status 

7. Equipment Design Calculations t 

1. Storage Vessels • 

2. Operations Equipment • 

3. Process Data (P, T, rate, etc.) • 

4. Additional • 

8. List of Major Process Equipment • 

1. Size # 

2. Type • 

3. Materials of constructitm • 

8a. Major Tedtmical Factors • 

(Potential Problem Areas) • 

1. Materials Conpatibility • 

2. Process Conditions Limitations V 

3. Additicnal 9 

9. Production Labor Requirements • 

1. Process Technology • 

2. Production Volume • 

10. Forward for Economic Anal 3 fsis • 


0 Plan 

0 In Progress 
t Cc^>Iete 




Figure 3.5—1 Process Flow Sheet for 3CL Process 


Case B 





TABLE! 3 , 6-2 

BASE CASE CC»JDITIONS FOR BCL PROCESS (CaBB B) 


1. Plant slzo 

-silicon producad from silicon tatrachlorido (TET) 

-1000 m»tric tons/yr of silicon 

-solar CBll grada silicon 

-solid phasB product form (granules) 

2. Light End Distillation 
-purification of TET by distillation 
-removo 4% chlorosllanas as the light and 
-S0*c, 10 psig 

3. Heavy End Distillation 
-purification of TET by distillation 
-remove impurities as the heavy end 

-92% over-all yield of TET from both distillations 
-80»c, 10 paig 

4. TET Vaporiser 

-to supply TET vapor for deposition reactor 
-by power input (resistance heater) 

-hold at constant level and constant pressure 
-164-P 

Deposition Reactor 

-reduce TET by ainc to produce silicon 
-deposit on pure silicon seed 
-fluid bad 

-927’c (1700“F, 1 atm) 

-b3% conversion of TET to silicon 

fi. Reactor Condenser 

-to condense gases from reactor (ZnCl 2 f unreacted Zn and Sicl^ gases) 

-partial condensation 

-using therminol 66 as the coolant 

-927“C inlet temperature and 350®c outlet temperature 

7, Reactor ZnCl- Stripper 
-work as partial condenser 

-to condense ZnCi 2 gas from SiCl^ gas 

-opi-rating at the temperature right above ZnCl 2 melting point (318“C) , 3F>0"C 
-using therminol 66 as the coolant 

8, Coll znCX^ Stripper 
-operates as partial condenser 

-to condense ZnCl 2 gas from Cl^ and SiCl^ gases 

-operating at the temperature right above ZnCl 2 melting point {318"C) , 350“C 
-using therminol 66 as the heat exchange medium 
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TABLE 3 . 6-2 (Continudd) 


9. Raactor SiCl4 Condsnsnr 

-condania SACI4 gas for raayola 
-antifraeza as the coolant 

-350*C inlet temperature, 20®r outlet temperature . 

10. Electrolysis 

-electrolytic recovery of Zn from ZnCl2 
-CI5 gas is by product 
-95% Zn recovery 
-300®C, approx. 1 atm 

11. Zinc Vaporizer 
-to vaporxze Zinc 
-by induction heating 
-9?7®C/ approx. 1 atm. 

12. Wastes Treatment 

-to scrub and neutralize SiCl4 and chlorosilana gases 
-c'?iu8tic solution used to neutralize 

13. Operating Ratio 

-appioximatoly 80% utilization (on stream time) 
-approximately 7,000 hr/yr production 

H. Storage Considerations 

-feed material (two week supply) 

-product (two shifts storage) 

-process (several hours) 
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TABLE 3,6-3 

REACTION rajBMISTRY FOR BCL PROCESS (Ca«« B) 


1 . Silicon PapoBltion 

2Zn + SiCl^-*-Si+ + 2ZnCl2 

2. Blactrolyala 

Znci2 Zn(l) + CI2 (q) 

3. Waata Traatmant 

SiCl^ + 2 H 2 O Si02 + 4HCl{aq) 

NaOM(aq) + HCl{aq) -*■ NaCl(aq) + H 2 O 
or 

CaCOH) 2 (aq) + 2HCl(aq) -»-CaCl 2 {aq) 2 H 2 O 
3a . Wa ata Traatment (50 HT/yr jnit) 

Cl 2 (g) + 2NaOII(aq) *»• NaOCl (aq) + NaCl(aq) + H 2 O 
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Tablu 3.6-4 


Raw Mata rial Raqulramants for 
BCL Procaaa (Caia B) 

Raqulramanta 

Raw Hatarial Ib/KC of Silicon 

1. Silicon Totrachlorlda, SICI 4 15.33 

2. Zinc, Zn 0.54 

3. CfluaMc (50%), NaOH(aq) 3.75 

or 

Lima (99%), Ca(0H)2 1-75 

4. Argon 3.1 SCF* 

5. Nltrogan 7.6 SCF* 

6 . Chlorine, CI 2 (by-product) 11.12 


*i^atimate from BCL 
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TABLE 3,5-6 UTILITY REQUIREMENTS FOR BCL 
PROCESS (Casa B) 


Utillty/Function 


R«quiramantB/Kq of Silicon Product 


Elac triclty 



1. 

Low Voltage D.C. for Electro- 

(20.51) 


lysis 



2. 

Zinc Vaporizer Induction U*'-.tad 

( 

4.37) 

3. 

Preheat Section of Deposition 

< 

1.12) 


Unit Induction Heated 



4, 

Electrolysis Feed Tank Heater 

( 

0.24) 

5. 

Molten Zinc Storage Heater 

{ 

0.10) 

6. 

SiCl 4 Vaporizer 

( 

0.53) 

7. 

Pumps, Blowers 

( 

'.53) 

Steam (50 PSIA) 



1. 

SI Purification Column Calandria 

( 

4.59) 

2. 

it 2 Purification Column Calandria 

( 

4. JO) 

3. 

Caustic Storage Heating 

( 

0,29) 

4. 

Itl Puriflr...cion Column Preheater 

( 

0.49) 

Cooling Wattr 



1. 

ill Purification Column Condenser 

(16,94) 

2. 

#2 Purification Column Condenser 

(15.88) 

3 . 

Purified Tet Cooler 

( 

1.67) 


2S. 40 Kw-hr 


9.67 pounds 


34.49 Gallons 


4. ProcBStj Water 10,40 Gallons 

1. Diluent for Waste Treatment (10.48) 

5. Refrigeration 2,30 MBtu 

1. Reactor SiCl 4 Condenser {H~ll) ( 1.28) 

2 , SiCl 4 Vent Condenser (H-07) ( 1.10) 
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FOR BCL 


Equipaient. Function 

PK3CES3 TOWER AND IMTSRHALS 

1. D-01 Light End To purify SiCl^ 

Distillation Colimn 

2. D-02 Heavy End To purify SiCl 4 

Distillation Column 

3. A-01 Primary SiCl^ To scrub SiCl 4 

Vent Scrubber vent gas 

4. A-02 Final SiCl^ To scrub SiCl^ 

Vent Scrubber vent gas 

*■4 
CJl 


HEAT EXCHANGER 


5. 

K-01 L-E. 

Column 

To preheat 

feed 


Feed Heater 

to D-01 


6. 

H-02 L.E. 

Col-ann 

Reboiler of 

D-01 


Reboiler 




7. 

H-03 L.E. 

Coliizsn 

Total condenser of 


Condenser 


D-01 


a. 

H-04 ri.E. 

'olumn 

To preheat 

feed 


Feed Heat' 

er 

to D-02 



TABLE 3 . 5-6 


OF MAJOR PROCESS BQUIl^ENT 
(Case 3) 

teter.'^l of 

Size/Type Cons trite t ion 


Capacity Ratio 


to 1000 KT/ 


8" dia, X 21*, packed Column, CS/packing, SS 20 

13.5* 

8" dia. X 21’, packed Column, CS/packing, SS 20 

13.5’ 

3’ dia. X 4*4" T/T, FRP 1 

^25 gal/flat bottom 

7*6” dia. x 17*4" T/T/ FRP 1 

4 pp trays. Teflon 

dimister 


2’ dia. X 5’, 15,013 CS 20 

Btu,'Tir / external 

heater 

2* dia. X 3', 51,522 CS 20 

3tu/hr / external 

heater 

47,430 Btu/hr/shell-tube CS 20 

H-E. 


2* dia. X 5* , 14,331 
Btu/hr/extemal heater 


CS 


20 
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TABLE 3.5-6 (Continued) 


9. 

H-05 H.E. Coluam 
Reboiler 

Reboiler of D-02 

2' dia- X 3 ’, 56,641 
Btu/hr/extemai heater 

CS 

20 

10. 

H-06 H.E. Colimtn 
Condenser 

Total condenser 
of D-02 

52,292 Btu/hr/shell- 
tube H.E. 

CS 

20 

11. 

H-07 SiCl 4 Vent 
Condenser 

Condense SiCl 4 from 
vent gas 

38 ft^, 18,000 Btu/ 
hr/snell-tube H.E. 

CS 

20 

12. 

H-08 SiCl^ Vaporizer 

To provide SiCl 4 
vapor to reactor 

2.75* dia. x 3^ T/T, 
13,648 Btu/hr/ 
resistance heater 

CS 

40 

13. 

H-09 Reactor 
Condenser 

To condense by 
products from 
reactor 

14 " dia. X 6,4* , 
126,237.2 Btu/hr 

Graphite W/SS ^ell 

40 

14. 

H-10 Reactor ZnCl 2 
Stripper 

To condense aiCl 2 
gas 

12 ft^, 2,652 Btu/hr/ 
shell-tube H.E. , finned 
U-tube 

316 S5 

20 

15. 

H 11 SiCl4 
Condenser 

To condense SiCl^ 
gas for recycle 

6,401 Btu/hr {x 4.62 
= 29.573 Btu/hr) 

316 SS 

20 

16. 

H-12 Cell ZnCl 2 
Stripper 

To condense ZnCl 2 
vapor 

9,841.4 Btu/hr/shell- 
tubef H.E. (x 0.32) 

Inconel 600 

20 

17. 

H“13 Thenainol 
Cooler (cold circuit) 

To cool Therminol 
1 66 

68 ft^, 11,000 Btu/hr/ 
shell-tube H.E. , 

500 psia 

CS 

20 

18. 

K-14 Thennino' 
Cooler (hot circuit) 

To cool Thenainol 
66 

262 ft^, 120,000 Btu/hr/ CS 
shell-tube H.E. , 500 psia 

20 

19. 

H-15 Start-up 
Heater 

Thenainol start- 
up heater 

98,950 Btu/hr/a-tufae 
15', resistance heater 

CS 

20 

20. 

H-16 silicon 

To cool the Si 

5,735 Btu/hr 

r 

Sic 

40 


Product Cooler (two) 

product frtxa reacto] 
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TABLE 3 . 5_5 (CcMitinued) 


20a. 

H-I ~ Chlorination 
Coder 


20,000 Btu/hr, Area 
200 ft2 

SS 

1 

20b. H-18 Cell 'las 
Cooler 

PROCESS AND STORAGE VESSELS 

1.08 X 10^ Btu/hr, Area 
1805 ft2 

CS 

1 

21. 

T-01 SiCl 4 Storage 
Tank 

Storage/feed to 
pur if ica t ion 

7' dia. X 16* T/T/ 
4,600 gal 

CS 

20 

22. 

T-02 SiCl4 
Emergency Storage 
Tank 

Storage/feed to 
purification 

7' dia. X 16* T/T/ 
4,600 gal 

CS 

20 

23. 

T-03 L.E. Column 
Reflux Drum 

To hold distillate 
for reflvix 

12" dia. X 4*/23 gal 

CS 

20 

24. 

T-04 Surge Tank 

Surge Tank for 
D-01 bottom 

3* dia. X 4*/200 gal 

CS 

20 

25. 

T-05 Sump Tank 

Sump for purifica- 
tion unit 

3' dia. X 4'/200 gal 

CS 

20 

26. 

T-06 H.E. Column 
Reflux Drum 

Tc hold distillate 
for reflux 

12" dia. X 4*/23 gal 

CS 

20 

27. 

T-07 Pure SiCl. 

4 

Storage Tank 

Storage/feed tc 
SiCl 4 Vaporizer 

6* dia. X 10* T/T/ 
1900 gal 

CS 

20 

28. 

T-08 Electrolysis 
Feed Tank 

Storage/feed ZnCl 2 50" x 158" x 38"H/ 
to electrolysis cell 7" graphite TH 

Graphite/ 304 SS 

2G 

29. 

T-09 Molten Zinc 
Storage Tank 

Storage/feed to 
Zinc vaporizer 

W/heater 68,242 Btu/l’r 

Graphite/304 SS 

20 

30. 

T-10 Thentiinoj. r^tad 
Tank 

Storage Thermind 

1.5' dia. X 3.75* T/T/ 
-'•'‘.6 gal 

CS 

20 



TABLE 3 , 5-6 (Continued) 


« 

1 — 1 

T-11 Thencdnol Drain 
Down Tank 

To store drained 
Therminol 

2.75' dia. x 3' T/T/ 
133 gal 

CS 

20 

32. 

T-12 Chlorine Sup- 
ply Tank 

To supply chlorine 
gas 

1 1/2’ dia. X 3'/ 
37.62 gal 

CS 

20 

33. 

T-13 Lime 
Storage Tank 

Storage Lime 

12’ dia. X 14 ’6" T/T/ 
12,000 gal 

FRP 

1 

POMPS WITH DSIVEHS 





34. 

P-01 Purification 
Feed Pump 

To feed SiCl- to 
, 4 

storage tank 

30 gpm, 31’ head/ 
centrifugal, 1 1/2 hp 

CS 

20 

35, 

P-02 L.E. Column 
Feed Pianp 

To supply SiCl^ 
to preheater 

28.9 gph, Ap = 72 psia/ 
0*5 1^. 

CS 

20 

36. 

P-03 L.E. column 
Relux Pump 

D-01 Reflux 

51.7 gph, Ap = 23 psia/ CS 
0.5 hp. 

20 

37. 

P-04 Surge Tank 
Pump 

To si^ly SiCl^ 
to H-E. Colinan 

29.4 gph, Ap = 53 psia/ 
0.5 hp. 

CS 

20 

38. 

P-05 Sump Pump 

To pun^ Sicl 4 to 
emergercy taiik 

30 gpm, 31’ head/ 
centrifugal, 1 1/2 hp. 

CS 

20 

39- 

P-06 L.E. Column 
Bottom Pun^ 

To punip SiCl 4 to 
surge tank 

29-4 gph, Ap = 53 psia/ 
0.5 hp. 

CS 

20 

40. 

P-07 H.E. Column 
Relux Pump 

D-02 Reflux 

57.1 gph, £p - 25 psia/ 
0.5 hp. 

CS 

20 

41. 

P-08 H. E. Column 
Bottom Ext. 

To pun^j bottom 
solution to waste 
treatment 

i-3 gph, Ap = 25 psia/ 
0.5 hp. 

CS 

20 

42. 

P-09 SiCl4 
Vaporizer Feed Pump 

To feed SiCl 4 to 
Vaporizer 

15 gph, 31' head/ 1/2 hp CS 

20 
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TABLE 3 , 5_0 (Continued) 


43. 

P-lO Reactor Con- 
denser Circulating 
Pump 

To circulate con- 
densates 

2.4 gpm, 30’ head/1/2 hp Graphite 

40 

44. 

P-11 Cold Circuit 
Pump (two) 

Cold Therminol 
circulation 

20 gpm, 85’ head/centri- 
fugal , 2 hp. 

CS 

20 

45. 

P-12 Hot Circuit 
Pump 

Hot Therminol 
circulation 

62 gpm, 85’ head/centri- 
fuqal, 4 ho. 

CS 

20 

46. 

P-13 Primary 
Scrubber Recircula- 
tion Pump 

Recirculation for 
Scrubber A-01 

20 gpm, 125’ head/ 
centrigugal, 2.5 hp. 

Di'riron 

1 

47. 

P-14 Primary 
ScrubJDer Lower-loop 
Recirculating Pump 

Circulate solution 
for Lower-loop of 
Scrubber A-02 

100 qpm, 103* head/ 
centrifugal, 7 1/2 hp. 

Duriron 

1 

48. 

P-15 Primary 
Scrubber Upper-loop 
Recirculating Pump 

Circulate solution 
for upper-loop of 
Scrubber A-02 

IOC gjffi, 13' head/ 
centrifugal, 2 hp. 

Duriron 

1 

49. 

P-16 Make up Lime 
Metering Pump 

Lime make up 

0.9 gpm, 25' i -,ad/ 
centrifugal , 1/2 hp. 

CS 

1 

FILTERS 





50. 

F-01 L.E. Column 
Feed Filter 

Remove solids 

29 gph, Ap = 5 psia/ 
140 micron 

CS 

20 

51. 

F-02 L.E. Column 
Reflux Filter 

Remove solids 

30 gi^, Ap = 5 psia/ 
140 micron 

CS 

20 

52. 

F-03 H. E. Column 
Feed Filter 

Remove solids 

52 gph, Ap = 5 psia/ 
140 micron 

CS 

20 


53. F-04 H.E. Column 

Relfux Filter 


Remove solids 


31 gph, ip = 5 psia/ 
140 micron 


CS 


20 
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TABLE 


3 . 5 - 6 fContinued) 


54. F-05 'Pherminol To filter the solids 20 

Cooler Blower from air 

Filter 


SPECIflXIZED EQUIPMENTS 


55. 

R-01 Fluidized 
Bed Reactor (two) 

To reduce SiCl^ to 
Si by Zn 

1830.2 Btu/hr, 6.5” dia. 

Graphite Lined /SS 

40 

56. 

FN-01 Furnace (two) 

To preheat SiCl^ 
gas 

272,966 Btu/hr 


40 

57. 

B-01 Seed Addition 
KoHwr (two) 

To feed Si seed to 
the reactor 


jiO SS 

40 

58. 

B-02 Si Product 
Hopper (four) 

To hold Si product 

6 gal 

310 SS 

20 

59. 

B-03 Zinc Hopper 

To hold make up 
Zinc 

40 gal 

CS 

20 

60. 

C-01 Thenai.iol 
Cooler Blower 

Therminol system 
air cooler blower 

500 acfm fan/electric, 

1 1/2 hp., 12 - 1 / 2 " wheel 

CS 

20 

61. 

C-02 Scrubber Vent 
Blower 

Suck SiCl^ gas 
for A-01 & A-02 

10,000 acfja/el*»ctric, 
50 hp. 31-1/i wheel 

FRP 

1 

62. 

E-01 Eductor (two) 

SiCl 4 scriibbing 
(Scrubber D-05) 

20 gpn, dip - 47.4 psia/ 
Hydraulic ejector, 
1-1/2" HPT 

P.V.C. 

1 

63. 

EC-01 Electrolysis 
Cell (six) 

To recover Zn from 
ZnCl 2 

5,000 '-6,000 amp cells 

Graphite/SS 

60 

64. 

PW-01 Power Supply 

To supply power to 
electrolysis cell 

545,933 Btu/hr. 


20 

65. 

VP-01 Zinc 
Vaporizer (two) 

To provide zinc 
vapor to reactor 

104,128.8 Btu/hr 
13.5" dia- x 32" 

Quartz 

40 
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TABLE 3.5-6 ^Continued) 


NOTE: 

1. For 1000 MT/yr plant, items 3, 4, 33, 46, 47, 48, 49, 61, and 62 are used for waste treat- 
ment of distillation wastes (light, heavy) and vent gases. 

2. In th^ 50 MT/yr facility, these items are used for hypochlorite aaufacture which is not present 
in the 1000 MT/yr plant. 

3. Frir I'll, the -ir.eration conditions were rhanged from 171°F ^ 32“F to 662'*F - 20*F. 

4 ^ i i'ln^ hn'/i- T.. '-hnag^-d fr'^m 'T = 955®F to ?70*F. 



TABLE 3.5-7 


PRODUCTION LABOR REQUIREMENTS FOR 
BCL PROCESS (Casa B) 


Labor 



Section 


man-hr/XG Si 

(opor/shift) 

1. 

Purification 

<1) 

0.01402 

(2) 

2. 

Deposition 

(II) 

0.01402 

(2) 

3. 

Electrolysis 

(III) 

0,02103 

(3) 

4. 

Waste Troatmont 

(IV) 

0.00701 

(1) 

5. 

Product Handling 

(V) 

0.00701 

(1) 



TOTAL 

0 06309 

(9) 


Note 

Manpower estimate for production labor requirements based on* 

1. Dividing plant into sections 
-type of unit operation 
-mark off working ^u:ea 

2. Specify work duties required in each section 

3. Estimate operators required to perform work duties in 
each section 

-type of unit operation 
-size of working area 

-degree of automation (batchy semi-continuous, continuous, etc.) 
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3.6 DCS Procass (Dlchlorosilana) 


The chomical englnaerlng analysis activity Involves a pre- 
liminary process design of a paint to produce dlchlorosilana 
as a silicon source material by using the technology under 
consideration , 

The process flowsheet lor the DCS process to produce dichloro- 
silane consisting several major pracea.slng operations of hydro- 
chlorination, condensation, stripping, distillation and re- 
distribution reaction, is shown ip Kigure 3,6-1. 

Metallurgical grade silicen O'-'' 'H} i livdrotrh lor inated at 
the presence of hydrogen (Hg) and silicon t i-t ruchlor ule (SlCl^) 
in a fluidized bed reactor. The produci sireir? from 1 he hydro- 
chlorination is cooled, A settlor i ■: t her ti'-ed (o retTiov(! metal 
impurities. The chi oros Hanes - diHi inrosi (I)CSl . Irichlo- 

rosllano (TCS) and silicon tid inch ■ >pi de (T?Ti are separated by 
several distillation units. Afi.ei' senarut i on . the silicon 
tetrachloride is recyel*^d. 

Interniedl ate in the several ril -t Hat ion units, the T(^S is 
redistributed to DCS and TKT iiv sms ,iiu> inroiudi a fixed bed of 
catalyst. After redl st r lbu1 1 n b ir lui. i;. fed to appropriate 
distlllat'on unit for sc]iai at . o.. -lU ' t p’ • i t'-.u ion . The reaction 
equation^ lo produce DCS are* dn i 

3SiCl^ + SI t 2 II 2 “*■ ■'ISid' (3.d-n 

SSiHClg t a.lIgClg + S-.v (3.6-2) 

A proc<?HS design wsis jx’rfoMn.'d in oio iin d;*i 1 for a cost 
analysis of a plant to prodiice Ji< Iiy 1 Im .s new tiK'hnoIogy. The 
de.slgn was based on a paint *0 to-ndv.n- ”,7S0 metrli’ ton; /yr 
of DCS which is sufficient to p • ' luce IOOO n«‘irtc ton /vr of 
silicon wllhenlt re..:vc1e. 

The detailed status sJu'et "o ‘ hi> pf-,.- e:;s de-;)gn package is 
shown in Table 3.6-1 and is rei' at a i i \ ot the various sub- 
itemr. that make up the ncMvitv, .m ji.n - 1 -ed rt'sults for 

the i-ri-liminary process desi gn a’ ’ auiit-d m a tabular lormat 
to mnivo it onslei to locate Hen-, if i„. iMc -uterest. The 
guld( Cor those tables is rlvfu b-tot , 


Das-e t’a - <' < 't ip li ' 1 oMS 

1 e 

3.6-2 

Hen ct tor Cheijostiv 

r. bi.' 

3 . 6-3 

Raw Mat er 1 u 1 Hequ i reti. u- . <■ 

, . I’i! b 1 e 

3.6-1 

Utility Requi re.ncr 1 . 

. ... T:t h 1 (■> 

3. 6-.5 

Major Urocest; F-mipin'M-.t . , . 

. . . . T.- 0 1 e 

3 . 6-6 

Production Laoor -Mi'n' ■. 

. .... Table 

3.6-7 



The process design provides detailed data for raw mate- 
rials, utilities, major process equipment and production labor 
requirements which are necessary for polysilicon production. 
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TABLE 3.6-1 CHEHLCAL ENGINEERING AKALYSESi 
PRELIMINARY PROCESS DESK31 ACTIVITIES FOR DCS PROCESS 


Pxel. Prcoess Design Activity 


Status 


Prel. Process Design Activity 


1. Specify Base Case Conditions 

1. Plant Size 

2 . Product Specifics 

3. Additional Conditions 

2. Define Reaction Chemistry 

1. Reactants, Products 

2. Equilibria 


3. 


□0 

O) 


Process Flow Diagram 

1. Flow Sequence, Unit Operations 

2. Process Conditions (T, P, fete.) 

3. Environmental 

4. Coopany Interaction 
(Teclmology Exchange) 


4. Material Balance Calculations 

1. Raw Materials 

2. Products 

3. By-Products 


5. Energy Balance Calculations 

1. Heating 

2. Cooling 

3. Additional 


6. Property Data 

1. Physical 

2. thermodynamic 

3. Additional 


7. Equipment Design Cal_v-lations 

1. Storage Vessels 

2. Unit Operations £q>xpment 

3-^ . grocess Data (P, T, rate, etc.) 

4. ^ditional 

8. List of Major Prepress Equipment 

1. Size 

2. Type 

3. Materials of Construction 

Sa. Major Technical Factors 
(Potentietl Problem Areas) 

1. Hateri 2 d.s Conpatibility 

2. Process Conditions limitations 

3. Additional 

9. Production Labor Requirements 

1. Process Technology 

2. Production Volume 

10. Forward for Economic Analysis 


0 Plan 

0 In Progress 
f Cooplete 


Status 





TABLE 3,e-a 


BASE CASE CONDITIONS FOR DCS PROCESS 


1. Plant Size 

-Dichlorosllano produced from m.g. sillc'^n and silicon 
tetrachloride. 

“2,896 Ib/hr dichlorosllano (snjiigh to support 1000 metric 
tona/year of silicon production) 

-9,780 metric tons/yr of DCS capacity 

2. Kydrochlorination 

Metallurgical grade silicon, hydrogen, and recycle sili- 
ccn tetrachloride (TET) used to produce trichlorosilane (TCS) 
“Copper catalyzed 
“Fluidized bed 
“500«C, 514.7 psia 
“Ho/Cla ration about 2.8 
“30% conversion of SiCl^ to r)HCl„ 

3. TCS Redistribution Reaction 

-TCS is redistributed to DCS and TET through catalytic 
react ion 

-Catalytic redistribution of TCS with amine function ion 
exnhpngc resin 

-Liquid phase 85 psia, 140* F 

-Conversion from pure TCS feo.1 is about 11% to DCS 

4. Recycles 

-Unrcacted chlorosi lanes and hydrogen are separated by 
distillation and recycled 

5. Dichlorosllane Purification 
-Pinal purification by distillation 

-Designed to remove trace impurities example) 


6. Ofierating Ration 

-Approximately 85% utilization (on stream time) 
“Approximately 7446 hour/year production 

7, Storage Consideration 

-Feed materials (several week supply, approx. 1 month) 
-’Product (two shifts storage) 

- l^roct '•!.< (several hours to 1 shi^i^) 
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TABLIE 3.6-3 


REACTION CHEMISTRY TOR DCS PROCESS 


1. Hydroohlorlnatlon Raaction 

3SiCl^ + Si + 2 H 2 ^ 4SiHClg 

2. Redisitrlbution Reaction 

2SlHClg ^ SlHgClg + SiCl^ 

3. Waste Treatment (representative - overall) 

SlHgClg + Ca(OH)2 ^ill^SiO^ + CaCl^ + 2li^O 
SiHClg + l.SCaCOIDg SiOg + l.SCaClg + 2HgO 

SiCl^ + 2Ca(OH)g SiOg + 2CaCl2 + 2H^O 


Note ; 

1. Reaction 1 product contains E,, HCl, SiCl., SiHCl„, SiHnCln (trace), 

other trace chlorides ^ ^ 

2. Reaction 2 product contains SiClg, SiCj ^j, SiHgClg, SiH^^Cl 
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TABLE 3.6-4 


RAW MATERIAL REQUIREMENTS FOR DCS PROCESS 



Raw Matarial 

Requirements 
lb /hr 

Ib/kg Of 
DCS 

1. 

M.G. Silicon (Si) 

456.6 

0.348 

2. 

Silicon Tetrachloride 
(SiCl^, make-up) 

2609,5 

1.987 

3. 

Liquid Hydrogen 

62.5 

0.048 

4. 

Copper Catalyst (Cu) 

6.8 

0.005 

5. 

Hydrate Lime (Ca(OH)g) 

310.0 

0.236 
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TABLK 3.6-B 


UTILITY REQUIRIDMENTS FOR DCS PROCESS 


UtilitlQs/Function 

1, Electricity 

1) Gas Compressions (96bhp) 

2) Pumping Liquids (98.5 bhp) 

3) Filter Drive (1 bbp) 


2, Steam (50 psia, saturated) 

1) Column Reboiler 
(12.0MM Btu/hr) 

2) Vaporizer 
(3.56MM Btu/hr) 


3. Cooling Water 

1) Coolers and Condensers 
(21.66MM Btu/hr) 


4. Process Water 

1) Waste Treatment 


5. Fuel Oil 

1) Direct-Fired Heater 
(4.71MM Btu/hr) 

2) Incineration 

(1.5 X lO^MM Btu/hr) 


Total Requirements 

Requirements per Kg of DCS 


217 KW 
223 KW 
2,3 KW 

.165 KW-Hr 
.170 KW-Hr 
,002 KW-Hr 

443 KW 

,337 KW-Hr 

3,850 Ib/hr 

2.93 lb 

12.970 Ib/hr 

9.88 lb 

16,820 Ib/hr 

12.81 lb 

1237 gpm 

56.51 gal 

6.59 gpm 

.301 gal 

33.4 gal/hr 

.026 gal 

10,6 gal/hr 

.008 gal 

44.0 gal/hr 

.034 gal 
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TABLE 3.6-6 


LIST OF MAJOR PROCESS EQDIPMENT 
FOR DCS PROCESS 

Material of 

Equipment Function Duty /Type Size Const ruct ion 

Reactors 


1. R-01 Hydrochlo- Hydrochlorination 

rination Reactor of m.g. Si & SiCl^ 

2. R-02 TCS Redis- Conversion of TCS 

tribution Reactor to DCS 


3. R-03 Waste Neutra- Waste Treatment 

lizer 

w 

to 

^ 4. R-04 Waste Com- To incinerate 

buster waste vapors 


32,2001b/hr 8.54’ disa. x 

Feed/Fluid, bed 9.75’, and 12.25’, 

30* cone 

31, 0001b /hr 2’ diam. x 36' 

Feed/Fi.».fcd Bed, 320 psia 

catalyst 

agitated vessel 3’ diam. x 20’ 

14.7 psia 

25 SCFM 3’ X 3' x 9’ 

Vapor/Combustion 14.7 psia 


316SS 

316&S 

316SS 

CS/Brick 


Distillation Colnmns 


5- 

D-01 Crude TCS 
Stripping Column 

To remove 
gases 

inert 

31,2171b/hr of 
feed 

24” diam. x 20’ 
tall with 10 sieve 
plates 

cs 

6. 

D-02 TCS/STC Dis- 
tillation Column 

To remove 
bottom 

STC 

at 

62,208-41b/hr of 
feed 

5.2’ diam. x 68’tall 
with 29 sieve plates 

cs 

7. 

D-03 DCS/TCS Dis- 
tillation Coliimn 

To remove DCS 
distillates 

at 

34,001.21b/hr of 
feed 

4.9’ diam. x 102 'tall 
with 46 sieve plates 

cs 


8. D-04 DCS Distil- 

lation Column 


To purify DCS 


3,009.81b/hr of 
feed 


1,1’ diam. x 70' tall 
with 40 sieve plates 


316SS 



292 


TABLE 



Equipment 
Tanks & Bins 

Function 

9. 

B-01 Silicon Sto- 
rage Bin with Feed 
Lock 

To store and feed 
m.g. Si to reactor 

10. 

T-01 Residue Set- 
ting Tank 

To separate unre- 
acted solid resi- 
dues 

11. 

T-02 Residue With- 
draw Tank 

To remove unreacted 
solid residues 

12. 

T-03 Hydrogen Se- 
paration Tank 

To separate gas 

from chlorosiianes 

13. 

T-04 Crude TCS 
Storage Tank 

To store crude TCS 

JA. 

T-05 TCS Stripper 
Reflux Drum 

Reflux drum for 
D-01 column 

15. 

T-06 TCS/STC Dis- 
tillation Ref'’’x 
Drum 

Reflux drum for 
D-02 column 

16. 

T-07 STC Storage 
Tank 

To store STC 

17. 

T-08 DCS/TCS Dis- 
tillation Reflux 
Drum 

Reflux drum for 
D-03 column 

18. 

T-09 DCS Distil- 
lation Reflux Drum 

Reflux drum for 
D-04 column 

19. 

T-10 DCS Storage 
Tank 

To store purified 
DCS 


3.6-6 (continued) 


Size 


Material of 
Construction 


1 week storage/Ver- 

7’ diam. x 22 ' , 

CS 

tical, with Feed 
Ijock 

60® cone 


Vertical 

8' diam. x 16 ' , 
515 psia 

316SS 

Vertical 

3* diam. x 6’ , 
515 psia 

316SS 

Vertical, mesh pad 

3.75' diam. x 11.25’ , 



515 psia 

CS 

8 hr. storage. 

12’ diam. x 33’ , 

CS 

Horizontal 

100 psia 


30 min. storage, 

2’ diam. x 3.5’ , 

CS 

Vertical 

90 psia 


10 min. storage. 

4.5 ’ diam, x 19’ , 

CS 

Vertical 

55 psia 


6 hr. storage. 

10.25' diam, x 3.05’, 

CS 

Horizontal 

15 psia 


10 min . storage , 

4’ diam. x 13’ , 

CS 

Vertical 

320 psia 


10 min. storage. 

1.5’ diam. x 4.25’ , 

316SS 

Vertical 

125 psia 



8 hr. storage 
Horizontal 


6’ diam. x 16.75’ 
125 psia 


316SS 
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TABLE 3.6-e (continued) 


Function 


Duty /Type 


T-11 Flue Gas Se- 
paration Tank 


To separate flue 
gas from lime solu- 
tion 


Vertical tank with 
mesh 


T-12 Lime Solu- 
tion Preparation 
Tank 


To prepare lime 
solution 


8 hr, storage. Ver- 
tical, open top 


T-13 Tfaste Fil- 
trate Storage 
Tank 


To store waste 
filtrate 


4 hr. storage, 
vertical 


Heaters & Heat Exchangers 


H-01 Crude TCS 
Condenser 


To condense chlo- 
rosi lanes 


8.4MM Btu/Hr. Shell - 
Tube H.E. 


H-02 H,, Gas Pre- To preheat H^ Gas 


heater 


for chlorination 


500*C discharge. 
Direct-fired heater 


H-03 arc Vapoiizer To vaporize and 

superheat STC for 
chlorination 


3.56MM Btu/hr, 
Kettle 


H-04 Stripper 
Condenser 


Partial condenser 
for D-01 column 


86,700 Btii/hr Shell- 
tube H.E. 


H-05 Stripper 
Reboiler 


Stripper reboiler 
of D-01 column 


0.91MM Btu/hr, 
Kettle 


H-06 TCS Condenser To condense TCS 

vapor of D-02 column 


H-07 TCS /STC Re- 
boiler 


Reboiler for D-02 
TCS/STC Distilla- 
tion column 


7.9MM Btu/hr, Shell- 
tube H.E. 

S.25MM Btu/hr, 
Kettle 


R-08 STC Heat 
Exchanger 


STC Cooling and 
Heating 


0.824MM Btu/hr, Liq- 
liq. heat exchanger 


Size 


Material 
Construct ion 


2' diam. x 5' CS 


5' diam. x 9.5' 

CS 

5* diam. x 8' 

CS 


1211 ft^, 
515 psia 


316SS 

2.59MM Btu/hr, 
515 psia 

CS/316SS 

573 ft^, 
515 psia 


316SS 

30 ft^, 
90 psia 


CS 

40 ft^, 95 

psia 

CS 

2,358 ft^. 

55 psia 

316SS 

318 ft^, 55 psia 

CS 


742 ft^, 55 psia 


316SS/CS 
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3.6-6 (continued) 


Material of 



Equipment 

Function 

Duty /Type 

Size 

Construction 

31. 

H-09 DCS 
Condenser 

To condense DCS 
Vapor from D-03 
Column 

3.2MM Btu/hr Shell - 
Tube H.E. 

328 ft^, 
320 psia 

316SS/CS 

32. 

H-10 DCS/TCS 
Reboiler 

Reboiler for DCS/ 
TCS distillation 
column , D-03 

2.7MM Btu/hr, 
Kettle 

282 ft^, 320 psia 

CS 

33. 

H-11 TCS Cooler 

To cool TCS before 
redistribution reac- 
tion 

1.32MM Btu/hr 
Shell-Tube H.E. 

78.6 ft^, 85 psia 

316SS 

CO 

• 

H-12 DCS Distil- 
lation overhead 
condenser 

To condense over- 
head of D-04 column 

0.183MM Btu/hr 
Shell-Tube H.E. 

23.4 ft^, 355 psia 

316SS/CS 

35. 

H-13 DCS Distil- 
lation Reboiler 

Reboiler of DCS Dis- 0.12HM Btu/hr 
tillation column, D-04 

6.8 ft^, 355 psia 

316SS/CS 

36. 

H-14 Waste stream 
cooler 

To cool waste stream 
in waste treatment 

0.5MM Btu/hr 
Shell-Tube H.E. 

125 ft^, 60 psia 

316SS/C!S 

37. 

H-15 STC Super- 
heater 

To heat STC bef ce 
hydrochlorination 

500” C discharge 
t«np. Direct-fired 
heater 

2.12MM Btu/hr, 515 

psia 316SS/CS 

38. 

H-16 Hg Compres- 
sor Intercooler 

To cool Hg gas bet- 
ween compression 
stages 

70,000 Btu/hr 
Shell-Tube H.E. 

67.7 ft^, 90 psia 

316SS/CS 


Compressors and Pumps 




39. 

C-OIA Hydrogen 
Feed Compressor. 
First stage 

Compression of re- 
cycle and make-up 
Hg gas 

187 SCFH/Recip.coinp. 

38bhp . d i scharge 
press. 87 psia 

CS 

40. 

C-OIB Hydrogen 
Feed compressor. 
Second stage 

Compression of re- 
cycle and make-up 
Hg gas 

187 SCFH/Rec ip . comp . 

41bhp . , discharge 
press. 515 psia 

CS 
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TABLE 3.6-P (continued) 


Material of 



Equipment 

Function 

Duty /Type 

Size 

Const met i on 

41. 

C-02 Hydrogen 
Circulation Com- 
pressor 

Compression of 
recycle H 2 gas 

2,833 SCFM/centri- 

ITbhp. , AI>=30 psi 

CS 

42. 

P-01 Feed Tank 
Blower 

To load silicon to 
its storage bin 

Pmuaatic transport/ 
centrifugal blOTi^r 

939ACFM, 32bhp 

CS 

43. 

P-02 Settling 
Tank Circulation 
Pump 

Circulation and to 
support ejector 

100 gpm centrifugal 

37’ Head, 1.75bhp 

316SS 

44. 

P-04 TCS Reflux 
Pump 

Pumping TCS for D-02 
reflux and feed to 
D-03 

58 gpm centrifugal 

12bhp , discharge 
press, 320 psia 

CS 

45. 

P-05 STC Feed 
Pump 

Pumping STC to Hydro- 
chlorination reactor 

-42.2 gpm centrifugal 

15bhp , discharge 
press. 500 psia 

CS 

g 46. 

CJ< 

P-06 DCS Reflux 
Pximp 

Pumping DCS for D-03 
reflux and feed to 
D-04 

6.5 gpm centrifugal 

ibhp , discharge 
press. 355 psia 

316SS 

47. 

P-08 DCS Puri- 
fication Discharge 
Pump 

To withdraw impuri- 
ties from DCS Puri- 
fication unit 

2.6 gpm centrifugal 

i bhp , discharge 
press, 355 psia 

316SS 

48. 

P-09 DCS Fhimp 

To pump pure DCS 

290 gpm centrifugal 

34 bhp 

316SS 

49. 

P-10 Waste Solu- 
tion Pump 

To feed slurry to 
filter 

12.5 gpm centrifugal 

1.25 bhp 

Cast Iron 

50. 

P-11 Lime Solu- 
tion Circulation 
Pump 

To circulate lime 
solution to neutra- 
lizer 

12.5 gpm centrifugal 

1.25 bhp 

Cast Iron 

51. 

P-12 Fresh Linoe 
Solution Pump 

To supply fresh lime 
solution 

6.5 gpm centrifugal 

0.75 bhp 

Cast Iron 
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Material of 
Const rue tioQ 


Miscellaneous 


52. 

F-01 Silicon 
Dust Filter 

To retain m.g. 
silicon dust 

Gas -Solid/Bag 

20 ft^ X 5ii 

CS/cloth 

53. 

F-02 Waste 
Slurry Filter 

To remove waste 
sludge 

12.5 gpm rotary 
filter 

2 ft^ 

CS/cloth 

54. 

S-01 Silicon 
Feed Cyclone 

To feed m.g. sili- 
con to storage bin 

6” w.c.AP 

940ACFM 

316SS 

55. 

E-01 Quench 
Contact Ejector 

To withdraw and 
cool effluent of 
hydr och lor inat ion 

6" w.c. 
suction 

100 gpm 
134 ACFM 

316SS 

56. 

E-02 Flue Gas 
Ejector 

To withdraw flue gas 
from waste gas com- 
bustion 

10" w.c. 
suction 

lOO gpm 
1 SCFM 

CS 



TABLE 3.6-7 

PRODUCTION LABOR REQUIREMENTS FOR DCS PROCESS 


Labor 

Soctlon man-far /KO DCS (opor/ablft) 


1. 

Hydrochlorinat Ion 

0.001204 

(2) 

2. 

Pur i f i c a t i on / Re - 
distribution 

0.00104 

(3) 

3. 

Waste Treatment 

0.000047 

(1) 


TOTAL 

0.003882 

(0) 


Note 

Manpower estimate for production labor requirements based on 

1. Dividing plant into sections 
-type of unit operation 
-mark off working area 

2. Specify work duties required in earh section 

3. Estimate uperators required to perform owrk duties 
in each section 

-type of unit operation 
-size of working area 

-degree of automation (batch, semi-continuous , etc.) 
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4. BCOKOMIC ANALYSES 


4.1 Sil^ DocoQiposltlon Procass 

Tlio oconoralc analyaia activity Involvca a coat analyaia 
of tho procaaa undar oonaidoration for tha production of aili" 
con. Tha coat analyaia for tha particular tachnologry ia baaad 
on procaaa daaisrn raaulta, auch aa raquiramanta for raw ma- 
tarlala and major procaaa aquipmant nacasaary to produca tlia 
product, from tha ohamical anfifinaaring analyaia activity. 

Primary raaulta iaauing from tha aconomic analyaia includa 
plant capital invastmant and product coat which ara uaaful 
in Idantlf ication of thosa procaaaaa ahowing pi'omiaa for maating 
project coat goala. 

Tho coat analyaia raaulta for pi’oducing ailicon by tho 
Sil. decompoaition procaaa ara praaantad in Table 4.1-1 in- 
clUGing coata for raw inatarlala, labor utilitias anc. other 
itoma compoaing the product coat (total coat of producing 
ailicon). The tabulation aummarizos all of thaso itoma to 
give a total product coat without profit of $44.64 (1975 dollars) 
and $62.60 (1980 doll ara) per kg. This product cost with- 
out profit includes direct manufacturing cost, indirect manu- 
facturing cost, plant overhead and general expenses. 

The product cost represents all cost associated with pro- 
ducing silicon. On top of those costa a producing company 
will includes some profit. The sales price of tho product 
ailicon will actually bo tho sum of tho product cost and a 
profit for the company. Tho profit is usually measured in 
tex’ms of rate of return on the capital investment that the 
company spent in going into the polysilicon business. Two 
profitability methods which are commonly used are the return 
on original investment (per cent ROI) and discounted cash 
flow rate of return (per cent DCP). 

The cost and profitability analysis summary for this pro- 
cess are presented in Table 4.1-2. Tho sales price of poly- 
silicon at various rates of return for both profitability 
methods (per cent ROI and DCF) is shown in the lower half 
of the table. The results indicate a sales price of $71,48 
per kg of silicon (1980 dollars) at 5 per cent DCF return on 
investment . 

These cost and profitability results for the Sil^ decom- 
position process indicate that this new technology for pro- 
ducing polysilicon does not show promise for meeting the cost 
goal of $14 per kg of silicon material (1980 dollars) for 
solar cells. 
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Thd datallod rosults for tb« 90onomic analysiv ar» prasontad 
In a tabular format to maka It aaslar to locata ctst Itams of 
spaclflc Intorast. Tbo guida for tha tabular format Is glvan 
balow; 

• Proliminary Economic Analysis Actlvitias. .Tabla 4,1-3 


• Process Design Inputs Taola 4,1-4 

• Dasa Casa Conditions Table 4.1-6 

• Raw Material Cost Tabla 4,1-6 

• Utility Cost Tabla 4.1-7 

• Major Process Equipment Cost Tabla 4,1-8 

• Production Labor Cost ....Table 4.1-0 

• Plant Invostmant Table 4.1-10 

• Total Product Cost Tabla 4,1-11 
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tabu: 4,1-1 


ESTIMATION OF PIRODOCT COST FOR Sil^ M5C0MP08ITI0N PROCESS 


Colt 

$/Kg of Silicon 
(1975 doUaci) 


$/Kg 

( 198 ( 


1, Dirtot Manufftoturlng Cost (Diraot Coiti) 33.48 

Ravr Matarlalii 

Dlraob Oparating Labor 

Oblliblai 

Suparvlslon and Clarioal 
Maintananoe and Rapairi 
Oparatlng suppliaa 
Laboratory Charge 


2. Indlract Manufeotuing Coit (Pixad Cost) 12.17 

Dapraclatlon 
Local Taxai 
Inauranoa 

3. Plant Ovarhaad. 3*17 

4. Ganaral Expanioi 

Administration 
Distribution and Silas 
Rasaarch and Davalopmant 


5. Product Cost Without Profit 


44.64 


Cost 

Of Silicon 
I dollars) 

32.87 


17.04 

4,44 

8.15 


62.50 
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TABLS 4.1-2 


COST AND PR07ITAB1L1TV ANALYSIS SUMMARY FOR DECOMPOSITION PROCESS 


1 . 

2. Planb Size 

3. Plant Product. . . 

4. Product Form.... 

5. Plant Inveatmant 


. .811^ Dacomposition Prooass 
..1,000 Matrlo Tona/year 

• •Silloon 

. .Silicon Ingot! (Rodi) 
..$107,600,000/$130,650,000 
(1975 dollar!) (1980 dollar!) 


Fixed Capital 
Working Capital 
(IS ) Total 


$ 93.57Mega 


$l07.60M«ga 
(1975 dollar!) 


^131. 00 



$150.65 M«9« 
(1980 dollars) 


6. Return on Original Investment/ after taxes (%R0I) 

Sales Prlae Sales Price 

$/Kg of Silicon $/Kg of silicon 

(1975 dollars) (19B0 dollars) 


0% ROI 44.64 62.50 

5% ROI 54.60 76,45 

10% ROI 64.57 90.40 

15% ROI 74.53 104.35 

20% ROI 84.49 118.30 

25% ROI 95.46 132.25 

30% ROI 104.42 146.19 

40% ROI 1.74.35 174.09 


7. Discounted Cash Plow Rato of Return, after taxes (% DCF) 


Sales Price Sales Price 

$/Kg of Silicon $/Kg of Silicon 

(1975 dollars) ( 1980 dollars) 


0% DCF 44.64 62. 5>. 

5% DCF 51.05 71,40 

10% DCF 58.11 81.36 

15% DCF 65.74 92.04 

20% DCF 73.84 103.38 

25% DCF 82.34 115.28 

30% DCF 91.16 127,63 

40% DCF 109.50 153.31 


Based on 10 year project life and 10 year straight 
line depreciation. 

8. Tax Rato (Pederul) 46% 
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TABLE 4.1-3 


£CX)NCIKIC ANALYSES^ 

PKELIHINAKY ECONOMIC ANALYSIS ACTIVITIES FOR sil^ DecoofXJsition Process 


prel. Process Economic Activity Status 

1. Process Design Inputs # 

1. Raw Material Reguireinents • 

2 . Utility Requirements • 

3. Equipsoent List • 

4. Labor Requirements i 

2. Specify Base Case Conditions ■ 

1. Base Year for Costs t 

2. Appropriate Indices for CcfSts f 

i. Additional • 

3. P.aw Material Costs t 

1. Baise Cost/Lb. of Haterral t 

2. Material Cost/Kg of Silicon. C 

3. Total Cost/Kg of Silicon • 

4. Utility Cor ts • 

1. Base Cost for Eadi Utility • 

2. Utility Cost/Kg of Silicon • 

3. Total Cost/Kg of Silicon • 

5. Major Prooeis Equipment Costs • 

1. Individual Equipment Cost • 

2. Cost Index Adjustment • 


Prel. Process Economic Activity S^afcuf 

6. Production Labor Costs ft 

1. Base Cost Per Man Hour • 

2. Cost/Kg Silicon Per Area • 

3. TotzLl Cost/Kg Silicon • 

7. Estimaticxi of Plant Investment • 

1. Battery Limits Direct Costs • 

2. Other Direct Costs • 

3. Indirect Costs • 

4. Contingency t 

5. Total Plant Investment i 

(Fixed Cjq>ital} 

8. Estioaticn of Total Product Cost 9 

1. Direct Ifanufeurturing Cost i 

2. Indirect Manufacturing Cost t 

3. Plant Overhead • 

4. By-Pi:oduct Credit • 

5. General Expenses • 

6. Total Cost of Product t 


0 Plan 
9 In Progress 
• Complete 


TMIIC 4,1-4 


PROCESS CeSIGN INPVBS FOR 

Sil^ D*cowpojiition Proc*** 


1. MW M>t«rial Raquirenants 

<-8illoon t«tr«chloride, zinci llaa, argon and nitrogan 
tobl* for **R«w Matarial Coat" 

2. Utility 

-•lactricity, ataM, cooling watar and prooaaa watar 
-aaa tobla for "Utility Coat*' 

3* Bquip«ant Liat 

-41 plua piooaa of major prooaaa aquipmant 
-prooaaa vaaaalat haat axohongaraf raactor, ate. 


4. Labor Raguirananta 

-production labor for purification, dapoaition, oto. 
-aaa tobla for "Production Labor Cost" 
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TABl^ 4.1-S 

BASE CASE coNDTTiojj FOR D»compo*ition prociiss 


1. Capital Bquipmant 

-January 1975 coat Indax for capital Equlpmant Coat 
-January 1975 Coat index Value ■■ 430 

2. Utllitiau 

-Blactricalf steam, Cooling . i , Nitrogen 
-January 1975 coat index (U . Labor) 

-Values determined by literature search and summarized in cost 
atandardlsation work 

3. Raw Material Cost 

-Chemical Marketing Rc;>«jrt‘- 
-January 1975 Valu*' 

-Raw Material Cost index f; - : ;-v.f ial Chemicals 

-1975 Coat Index Value .O' ' -^M.-loHale Price Index, Producer 
Price Index) 

4. Labor Coat 

-Average for c’h •'inicrtl I'l T r t ' I .1 1 ,,iul Allied Industries (1975) 
-Skilled Sft.90/hi 

5. Update to 1980 

-historically cit«*d J4 jA project) 

-DOE decision to change to luH ' .it liars (JPL, 6/22/79) 

-reports to reflect tx th doll^u■s (JPL, 6/22/79) 

“inflation factoi c f 1.4 vo uu i st i! (.ipl, 6/22/79) 
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TABLB 4.1-6 


RAW MATERIAL COSTS FOR 
Sil^ DECOMPOSITION PROCESS 



Raw Material 

Requirement 
,lb/Kg of Silicon 

$/lb of 
Material 

Cost $/Kg of Silicon 

1. 

Metallurgical Si 

2.6194 

.454 

1.188 

2 . 

Iodine* 

.7495 

2.59 

1.94 

3. 

Iodine* 

6.746 

.20 

1.35 


TOTAL COST 4.48 


* wastes are recovered as iodine for recycle at $ .20/pound, Assuming 10% 

losses in this step, 10% of total iodine must be purchased at $2.59/pound. 
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TABLS 4.1-7 


UTILITY COST FOR 

Sil. DIICOMPOSITION PROCESS 
4 


Utility 


Raqu lira manta in Kw-hr/ 
Kg og Silicon 


Coat of Utility 


Elactricity* 


216.62 


$ .0324/Kw-hr 


* For costing purposes only. Actual utilitias would involve cooling water 
steam, etc. 


Cost $/Kg 
of Silicon 


7.08 
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TABUS 4.1-0 


1 . 


2 . 


3. 

4 , 


5. 


(j. 


7. 


8 . 

9 . 


10 . 


11 . 


12 . 


13. 


14. 


15. 


16 . 


17. 


18. 

19. 


20 . 


21 . 


22 . 

23. 


KSTIHATBD COST OF MAJOR PROCKSS BQUIPHBNT FOR Sil^ DECOMPOSITION PROCESS 


Equlpmant 

Purlflad Hold Tank 

Liquid Raacto]: Ovorhoada Storaga 

Silicon Product Storaqa 

Liquid lodina Storaga 

Sil^ Bulk Storaga 

Matallurgical Silicon Storaga 

Faad Tank for Purification Column 2 

Sil^ Vaporiaar 

Silicon coolar 

Dapoaition Condansar 

Separation Column Prahaatar 

Separation Column O/H Condansar 

Separation Column Calandria 

Separation Column O/H After Cooler 

lodina Vaporiaar 

lodtnation O/H Condenser 

Separation Column Bottoms After Cooler 

Tat Purification Prahaatar 

Tet Purification Column 1 O/H Condenser 

Tat Purification Column 1 Calandria 

Tet Purification Column 2 0/il Condansar 

Tot Purification Column 2 calandria 

Tat Purification After Cooler 


Purchased Coat> 
63.80 
60.50 

6.72 
4.54 

67.19 
8.06 
6.89 
7.87 
3.16 

525.4 

3.48 

15.45 

12.19 
3,09 
7.86 

50.22 

3.48 

7.73 
15.45 
12.39 
15.45 
12.06 

7.73 
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TABLB 4.1-9 (Continuad) 



Bqulpmant 

Purohftaad Coat, 

24. 

Oapoiltion Da-suparhautars (6 unita) 

38.6a 

25. 

Puriiiad Sil^ Pump 

1.76 

26. 

Dapoaitlon Compraaior Syatam 

12090.0 

27. 

Liquid Pump 

1.76 

28. 

Ij/Sil^ Saparation Column 0/li Pump 

1.76 

29. 

l^/Sil^ Saparation Column Bottoms Pump 

2.15 

30. 

lodina Pump 

2.15 

31. 

SlI^ Pump 

1.76 

32. 

Tat Purification Column 1 0/H Pmup 

1.76 

33. 

Tat Purification Column 1 Bottoms rump 

2.12 

34. 

Tat Purification Column 2 Feed Putni^ 

1.25 

35. 

Tot Purification Column 2 o/H Pumi 

1.76 

36, 

Tot Purification column 2 Bottoms Pump 

2. J9 

37. 

Dopoaition Unita (6 unita) 

1922.0 

38. 

lodination Raactor 

10.75 

39. 

Ij/Sil^ Distillation Column 

16.50 

40. 

Tat Purification Column 1 

47.25 

41. 

Tet Purification Column 2 

24.44 


TOTAL PURCHASED COST 15090,65 


ao8 



TABLE 4.1-9 


PRItDUCTION LABOR COSTS 

SlI. DKCOMPOBITION PROCBSS 
4 



Skilled 

Man-Hr»/Kq Silicon 

Semiskilled 
Man-Hrs/Kq silicon 

$Kq Si 

1 

.008395 

- 

.05793 

2 

.01314 


,09067 

3 

.008395 

wm 

.05793 

4 

.008395 

- 

.05793 

5 

.00584 

- 

.040296 

6 

.008395 

- 

.05793 

7 

.00584 

- 

.040296 

8 . 

- 

.01314 

.064386 

9. 

- 

.01314 

.064386 


$ .5319/Kg 


NOTES 

Based on labor costs o£ $6.90 skilledi $4.90 semiskilled. 
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TABLt 4.1-10 


E8TIMATIOM Of PLANT INVBITMBNT FOR Sil^ DBCOMPOSITION PROCESS 


IlWestltMnfc 

$1000 


1. DIRECT PLANT INVESTMENT COSTS 

1, Major Procflsa Equlpihent Coat 13,090.0 

2, Xnatallation of Major Procaaa Equipwant 6,488.7 

3. Procaaa Pipinq, Installad 11,166,5 

4. Inatrumantation, Xnatallad 2,867,1 

5, Elactrical, Inatall^d 1,509.0 

6. Procaaa Buildlnca, :n»tallad 1,309.0 

la. SUBTOTAL FOR DIRECT PLANT INVESTMENT COSTS 38,630,4 

(PRIMARILY BATTERY LIMIT FACILITIESJ 

2. OTHER DIRECT PLANT INVKSTHFNT COSTS 

1. Otilitiaa, Inatalled 7,243.2 

2. Ganaral Service, Site Developmont, 1,810.8 

Flra Protection, etc. 

3. Ganaral Building-^, fices. Shops, etc. 2,112,6 

4. Racaivlnq, Shipi'ina 3,168.9 

2a. SUBTOTAL TOR OTHER I lkE. T PIANT INVCSTMENT COSTS 14,335,5 


(PRIMARILY OFFSITE paCILITIES OUTSIDE BATTERY LIMITS) 


3. TOTAL DIRECT PLANT INVESTMENT COST, la + 2a 52,965.9 

4. INDIRECl- PLANT TNVE.STM1:NT COSTS 

1. Enginaariny, O'rerhcad, etc. 8,299.5 

2. Normal Cont , for Floods, Strikes, etc. 10,713.9 

4a. TOTAL INDIRECT PLANT INVESTMENT COST 19,013.4 

5. TOTAL DIRECT AND INDIRECT’ PLANT INVESTMENT COST, 71,979.3 

3 + 4a 


6. OVERALL CONTINGENC’V. % of 5 

7. FIXED CAPITAL INVESTMENT FOR PLANT, 5+6 


21,593.8 


93,573,il975 dollars) 
X 1.4 inflation 
131,002.3(1980 dollars) 


:< ' o 



TABLE 4.1-Xl 


ESTIMATION OF TOTAL PRODUCT COST FOR Sil^ DECOMPOSITION PROCESS 


$/K0 of 81 

1. Dlract Manufacturing Coat (Olraot Chargaa) 


1. 

Raw Materials 

4.46 

2. 

Direct Operating Labor 

.58 

3. 

Utilities 

7.08 

4. 

Supei«riaion and Clarioal 

.08 

5. 

Maintenance and Repairs 

9.36 

6. 

operating Supplies 

1.87 

7. 

Laboratory Charge 

.08 

Indirect Manaufaoturing Cost (Fixed Charges) 


1. 

Depreciation 

9.36 

2. 

Local Taxes 

1.87 

3. 

Insurance 

.94 


3, Plant Overhead 3,17 

4. By-Product Credit — — 

4a. Total Manufacturing Cost# 1 + 2 + 34-4 38,82 


5. General Expenees 

1. Administration 2.33 

2. Distribution and Sales 2.33 

3. Research and Development i,i6 


€. Total Cost of Product^ 4a + B 


44.64 (1975 dollars) 
X 1.4 inflation 
62,50 (1900 dollars) 
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4,2 Convan t ional rolyiil 1 U:on ProoPHM (Si(*mon'K Tei-hnology ) 


Tho economic analyHls ucilvlly for the conventional poly- 
■ IHcon proc 0»8 lnvolve»B a co«l analynln for iht* production 
of silicon via Ihc Slv*mcn'K ti'chnotony. In the Piemen's tach- 
nologry, triehloroHi lane (TCS) Iw uHcd uh the feed source mate- 
rial for 80 mict)nducti>r urade silicon. 

Since several cxlstlnK plants producing semiconductor grade 
polysilicon in the United States were i-onst ructeri In the 1900's, 
the cost analysis is biiK(»d on a poly plant ctnistructed In the 
1000's (1005 or earlier). Operat ini; costs for the plant arc 
applicable to the time period of intt'rest (sueh as 1975 and 
1080). 

The eost analysis results (or [0'< uitic i tp; stii.i-fi In- flic 
conventioiml Siemen's process are presented In Table 4.2-1 
including costs for raw materi.als, labor, uillities and ether 
items ci>raposing the produ<M lesi insi oi p’-oduclnp 

silicon). The labulatlon •^urnma •• I i p, i i eias to give a 
total product cost without profit of Sbb.;’;’ ’p t i t)7G 

dolltu's) and S-lf),?;! - fiT.Ml (li>ho ditii.'ii;. > in i kj rhi -- t’voduct 
cost without profit in<‘lutl'‘s (lir«‘i| manu l ae i u r i ng eosl , in- 
direct manu fact ur 1 ng cost , pltmi overhetui ami petit lal expen- 
ses, The range for product cost I•('(lect^. low and hlfth elec- 
trical costs ( 1 . hr for 1971) and P.l-i.2C/kw hr for 
1980). 

Electrical costs vary with location dittiTtuit t-osts for 
different states and dllf(*r'.’ni .-osts lor Mffor< ,< popj.ns 
In the some state*). However, the range i, 1 b hr) and 

intermediate value ( 12 . 2 fn' / k'*' hr) for lP7b art- con.s uit'red re- 
presentative bast'd on a recent iilant site sur\t'\ ''sting 
industrial power eost in the l'8A. With r aspect te tip* inter- 
mediate value, the survey indicated the follow ing typical 
elect rleul cost for industrial power Michigan c’.lKi, Ari- 
zona (2.27), Missouri {2.0.5; ami Texas (1.10). 

Ill Table 4,2-1, the aver-igi' product co-t without profit is 
given as $38.41 (197.5 ibtllar.s) arid .$;>3./r t 1 Oso iioMars) p(*r kg 
for the convent 1 {)tia 1 pulvsilicon pro.oss. hits u\erage pr<'- 
duct costs corresponds to intermediate elev irical c'l ts 
(2.25*r'/kw hr for 1975 and 3.11>0/kw hr for 1980). I'hese costs 
results for the conventional polvsiiiccn jiroti'ss indicate 'hut 
this Siemen's technology using l r i ch 1 ore,.,’ t i ane f. producing 
polysllioon does not show promise for rneihing t lie cost goal 
of $14 per kg of silicon material (1980 dollars) fiT solar 
cells. 



WliAn solar colls como Into mors wldosproad uso, tbs capa- 
city of oxlstlnK polyHllicou plants will bo oxcoodod nocos- 
sltatlng a now poly plant or plants. Hlghor capital Invost- 
mont costs will bo roqulrod for now plants to produce poly- 
silicon by tho conventional croc''ss. Tho bighor capital In- 
vostment cost for silicon p'.odurMon in now plants will, of 
course, appear In hlgho>' product . ost for polysilicon in terms 
of increased deprociat I'.n . taxes, Insurance, etc. The profit 
will also be higher for a reasonable return on investraent for 
the producing company. Thus, the sales price (product cost 
with profit) for polysillcon from new plants will bo conside- 
rably higher than the present price for polysilicon of semi- 
conductor grade produced in existing plants. 

The detailed results for the economic analysis are pre- 
sented In a tabular format to make it easier to locate cost 
items of specific Iniorst. The guide for tho tabular format 
is given below: 

• Preliminary Kconomlc Analysis Activities. .Tabl^ 4,2-2 


Process DeHlj.n Inputs Table 4.2-3 

Base Case C’ondKlona Table 4.2-4 

Raw Material Cost Table 4,2-5 

Utility Cost Table 4.2-6 

Major ^rcK’OHS Kquipment Cost Table 4.2-7 

Production Labor Cost..,.. Table 4.2-8 

Plant Investment Table 4.2-9 

Total Product Cost Table 4,2-10 
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*CABUB 4.2-1 


BSTIMATrON Of PRODUCT COST POR CONVBNTIONAL POLVSII-ICOH PROCltSS 


Coat Colt 

$/Kg ci silloon $/Kg of Silioon 
(1975 dollari) (1960 dollari) 

jL, Dlriot Manufacturing Colt (Dixiot Coitn) 24.04-30.71 24.92-42.90 

Raw Matirlali 

Oiriot Opirating Labor 

Utilitiai 

Suparvliion and Clirioal 
Halntananoe and Rapairi 
Opirating Suppliii 
Laboratory Charge 

2. indi tact Manufnotulng Coat (Fixed Coat) 1.38 1,93 

Depreoiation 
Local Taxes 
Inauranoe 

3. Plant Overhead.. 3.B2 5.35 

4. General Expenici. 5.38 7.54 

Administration 
Distribution and Sales 
Resoaroh and Development 


5. Product Cost Without Profit........... 35.52-41.29 49.73-57,81 

6. Average Product coat Without profit...... 38,41 53.77 


Basis: The above results are based on a plant constructed in the 1960's. (1965) 

or earlier) which is fully depreciated. The range for product coat with- 
out profit rolfeots low and high electrical costs (1.5-3t/kw. hr for 
1975 and 2,1-4.2'J/kw hr for 1980). The average product cost witliout pro 
fit reflects intermediate electrical costs (2.25<!!/kw hr for 1975 and S.lSi'/kw 
for 1980). 
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see 


TABLE 4.2-2 


ECCWOHIC ANALYSES: PRELIHIHABY ECONOHIC DIALYSIS ACTIVinES 

FOR CONVENTIONAL POLYSILICON PROCESS 


Prel. Process Econoraic Acti^ty Statiis 

1. Process Design Inputs • 

1. Raw Material Requirements • 

2. Utility Requirements • 

3. Equipment List • 

4. Labor Requirements • 

2. Specify Base Case Conditions • 

1. Base Year for Costs • 

2. Appropriate Indices for Costs • 

3. Additional • 

3. Raw Material Costs t 

1. Base Cost/Lb. of Material f 

2. Material Cost/Kg of Silicon • 

3. Total Cost/Kg of Silicon t 

4. Utility Costs • 

1. Base Cost for Each Utility • 

2. Utility Cost/Kg of Silicon • 

3. Total Cost/Kg of Silicon • 

5. Major Process Equipment Costs • 

1. Individual Equipment Cost • 

2. Cost Index Adjustment • 


Prel. Process Economic A<;tivity P-^atus 

6. Production Labor Costs • 

1. Base Cost Per Han Hour • 

2. Cost/Kg Silicon Per Area • 

3. Total Cost/Kjg Silicon • 

7. Estimation of Plant Investment ■ 

1. Battery Limits Direct Costs • 

2. Other Direct Costs • 

3. Indirect Costs • 

4. Contingency • 

5. Total Plant Investment • 

(Fixed C^ypital) 

B. Estimation of Total Pxoduxrt Cost • 

1. Direct Manufacturing Cost • 

2. Indirect Manufacturing Cost • 

3. Plant Overhead • 

4. By-Product Credit • 

5. General E}q>enses • 

6. Total Cost of Prodixrt • 


0 Plan 
0 In Progress 
• CoB^lete 



TABLE 4 . 2-3 


PROCESS DESIGN INPUTS FOR 
■ CONVENTIONAL POLYSILICON PROCESS 


1. Raw Material Raquiramants 

-M.6. lilioon, anhydrous HCl, oaustlo/ hydrogani slliaon tetrachloride (by-produot; 
~8oa table for "Raw Material Cost" 

2. Utility 

-electrical, steam, cooling water, etc. 

-sea table for "Utility Coat" 

3. Equipment List * 

-63 pieces of major process equipment 
-process vessels, heat exchangers, reactor, etc. 

-see table for "Major Process Equipment Cost" 

4 . Labor Requirements 

-production labor for deposition, vaporization, product handling, etc. 

-see table for "Production Labor Cost” 


316 



TABLB 4.2„4 

BASH CAsa cowor'riONS for 

CONVBNTIOlilAL POLYSILICON PROCESS 


1. Capital Equipmant 

“January 1975 Coat Indax for Capital aquipmant Cost 
“January 1975 Coat Indax Valua ■ 430 

2 . Utilitias 

-Elactrical, Steam, Cooling Water, Nitrogen 
-January 1975 Coat Index (U.S» Dept, Labor) 

-Valuaa datarminad by literature search and summarized in cost 
standardization vr>rk 

3. Raw Material Coat 
-chemical Marketing Reporter 
“January 1975 Valua 

“Other Sources 

4 . Labor Cost 

“Average for Chemical Petroleum, Coal and Allied Industries (1975) 
-Skilled $6,90/l»r 
-Semiskillad $4.90/l'ir 

5. update to 1980 

-historically cited 1975 dollars (LSA project) 

-DOE decision to change to .980 dollars (JPL, 6/22/79) 

-reports to reflect both 19// and 1980 dollars (JPL, 6/22/79) 
-inflation factor of 1.4 to be used (JPL, 6/22/79) 
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TABLE 4 , 2-5 


RAW MATERIAL COST FOR 
CONVENTIONAL K»LYSILICON PROCESS 

Raquiromont $/lb of Cost $/K<j 

Raw Material Ib/Kg of Sllloon Material of S13,igon 


1. 

M.G. Silicon 

6.72 (Kg/Kg) 

1.0/Kg 

6,72 

2, 

Anhydrous HCl 

57.96 

.10 

5,79 

3. 

Hydrogen 

.028 

.96 

.79 

4. 

Caustic (50% NaOH) 

53.29 

.0382 

2.04 

5 . 

SiCl^ (By Product) 

46.12 

.135 

-6.23 (credit) 


TOTAL COST 9.11 (1975 dollars) 
X 1.4 inflatic.i 
12.75 (1980 dollars) 
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TABLE 4.2-5 


UTILITY COST FOR CONVENTIONAL 
POLYSILICON PROCESS 



Utility 

Requiremants/Kg of Silicon 

Cost of Utility 

s?‘hf«8n 

1. 

Electricity 

384.6 kw-hr 

$ .03Aw-hr 

$ 11,54 

2 . 

Steam 

152 Pounds 

- * 

- 

3. 

Cooling Water 

964.5 Gallons 

$ .08/M Gal. 

.08 

4. 

Process Water 

320.9 Gallons 

$ .35/M Gal. 

.11 

5. 

Refrigerant (-40°F) 

42.1 M BTU 

$10. 3 8/MM BTU 

.44 

6. 

Refrigerant (34^F) 

32.3 M BTU 

$ 3.75/MM BTU 

.35 

7. 

High Temperature 
Coolant 

582 rounds 

$ 2.7/M Pounds 

1.57 

0 . 

Nitrogen 

349 SCF 

$ .50/h SCF 

.17 




TOTAL COST 

14.2b (1975 dollars) 
X 1.4 inflation 
19.96 (1980 dollars) 


NOTES 


* All steam produced by cooling jacket on polysilicon rod reactor. 



TABLU 4 . 2-7 


PUmiASBD COST OF MAJOR PROCESS EQUIPMENT FOR 
CONVENTIONAL POLIfSILICON PROCESS 


Equipnant Purohaaad Coet# $M 


1. 

(Tl) 

M.G. Silicon Storaq^n Hopp«r 

24.1 

2. 

(T2) 

Liquid HCl Storaga Tank 

435,96 

3. 

(T3) 

Cruda TCS Hold Tank (3) 

178.8 

4. 

(T4) 

Waata Hold Tank 

14.9 

5. 

(T5) 

TCS Raactor Off Cat Fleush Tank 

7.2 

6. 

(T6) 

Hydrogan Storaga Tank 

152.1 

7. 

(T7) 

Polyallic n storaga Spaoa 

10. B 

8. 

(T8) 

Tat Storaga Tanks (2) 

85.2 

9. 

(T9) 

Tat Paad Tanks (2) 

57.8 

10. 

(TIO) 

TCS Fead Tanka (3) 

42.6 

11. 

(Til) 

TCS Storaga Tanks (3) 

127.8 

12. 

(T12) 

TET/TCS Faad Tanks (3) 

54. 

13. 

(T13) 

Caustic Storaga Tank 

10b. 7 

14. 

(T14) 

tH Distillation Condansar Plash Tank 

.85 

15. 

(T15) 

Rod Raactor Off Gas Flash Tank 

7.2 

16. 

(HD 

HCl Vaporizer 

2.5 

17. 

(H2) 

TCS Raactor Off Gas Cooler 

7 

18. 

(H3) 

TCS Raactor Off Gas Condenser 

46.3 

19. 

(H4) 

ifl Scrubber Vapor Heater 

.75 

20. 

(H5) 

tfl Distillation column Condansar 

14. 

21. 

(H6) 

ttl Distillation Column Calandrin 

9.25 

22. 

(H7) 

#2 Distillation Column Condenser 

14.6 

23. 

(H8) 

#2 Distillation Column Calandria 

11.92 

24. 

(H9) 

#3 Distillation Column Condenser 

9.1 

25. 

(HIO) 

ft3 Distillation Column Calandria 

5.8 


CHID 

TCS Vaporizer 

1.8 

27. 

(H12) 

Rod Reactor Off Gas Cooler 

49.4 

28- 

(H13) 

Rod Reactor Off Gas Condenser 

n7 j 

29. 

(H14) 

#2 Scrubber Vapor Heater 

5.8 

30. 

(H15) 

Liquid Recycle Heater 

2.3 

31. 

(H16) 

#4 Distillation Column Condenser 

6,4 

32. 

(H17) 

#4 Distillation Column Calandria 

3.7 

33. 

(H18) 

Nitrogen Heater 

1.3 
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TABLB 4.2-7 (Continuad) 


34. 

(PI) 

TCS Raactor Off Gas Comprassor 

53.2 

35. 

(P2) 

Caustic Supply Pus\p 

1.56 

36. 

(P3) 

#l Distl nation Colunin Ovarhaada Pump 

2.64 

37. 

(P4) 

#1 Distillation Column Calandria Pump 

3.83 

38. 

(P5) 

TET/TCS Fa ad Pump 

2.04 

39. 

(P6) 

#2 Distillation Column Ovarhaad Pump 

2.8 

40. 

(P7) 

TCS Pa ad Pump 

1.8 

41. 

(P8) 

#2 Distillation Column Cplandria Pump 

3.8 

42. 

(P9) 

#3 Distillation Column Ovarhaad Pump 

2.2 

43. 

(PIO) 

Rod Reactor TCS Feed Pump 

1.7 

44. 

(Pll) 

#3 Distillation Column Calandria Pump 

.> .b 

43. 

(P12) 

Rod Raactor Off Gas Compraasor 


46. 

(P13) 

#4 Distillation Column Overheads Pump 

1.B7 

47. 

(P14) 

#4 Distillation Column Calandria Pump 

1 .87 

48. 

(P15) 

TET Feed Pump 

1.56 

49. 

(P16) 

Waste Treatment Pump 

.77 

50. 

(P17) 

Crude TCS Feed Pump 

1.9 

51. 

(P18) 

Process Water Peed, Pump 

3.7 

52. 

(Cl) 

#1 Gas scrubber 

53.2 

53, 

(C2) 

#2 Gas Scrubber 

29, 

54. 

(C3) 

#1 Distillation Column 

26,1 

55. 

(C4) 

#2 Distillation Column 

27.7 

56. 

(C5) 

#3 Distillation Column 

8.9 

57. 

(CG) 

#4 Distillation Column 

6.7 

58, 

(Rl) 

TCS Fluidized Bed Reactor 

57.2 

59. 

(R2) 

Polysilicon Rod Reactors (305) 

56. (each) 

f^o. 

(Al) 

Molecular sieves 

16,77 

M . 

(A2) 

Fines Separatoi 

4.8 


(Al) 

Ifydrogt^n Flare 

1. 

63. 

(A4) 

Filament pullers (5) 

15. (each) 


TOTAL PURCHASED COST $19,307.14 (1975 dollars) 

X 1.4 inflation 

$27,030.00 (1980 dollars) 
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TABLES 4.2-8 


PRODUCTION LABOR COST FOR 
CONVENTIONAL POLYSILICON PROCESS 

Ski Hod Labol* Cost 



Unit Opsration 

Man-Hr»/Kq Si 

?/Kq Si 

1. 

TCS production 

.0292 

.2014 

2. 

Vaporisation 

.0219 

.1511 

3. 

Vapor Compression 

.0219 

.1511 

4. 

Vapor Condensation 

.0219 

.1511 

5. 

TC3/TET Separation 

.0146 

.1007 

6. 

TCS Purification 

.0128 

.0883 

7. 

TET Purification 

.011 

,0759 

a. 

Filament Pullers 

.0438 

.3021 

9. 

Gas Scrubbing 

,0232 

.1600 

10. 

Hydrogen Drying 
(Molecular Sieves) 

.0117 

.0807 

11. 

crude TCS Recycle System 

.0212 

.1463 

12, 

Silicon Fines Separation 

.0055 

.038 

13. 

Materials Handlii.j 

.0329* 

.1612* 

14. 

polysilicon Production 

.2672 

1.8429 


TOT.V^ COST $3.65 (1975 dollars) 
K 1. 4 inflation 
5.11 U9B0 dollars) 

*semiskilled 
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TABLS 4.2-9 


ESTIMATION OT PLANT INVESTMENT COST FOR 
CONVENTIONAL POLYSILICON PROCESS 


I nva strain t 
Id’Ji Plant 


1. DIRECT Pijurr tuv) iMFNT coet:; 

1, Ma;1or i Cn«h 19,307 

2, InstAllat ion of Major I'rucuMi Equipment 4,699 

3, Froc'isa r'ifin.f, Ifist ailed 8,969 

4, ln»truiw?nlat If ti , In-ualJcd 924 

5, Eloctiic-tl, ih .i.Ul'Ml 1,931 

6, rroocpH D’lililinq: , installed 3,303 

Ifl, SUBTOTAL I'OU IMMa.I' I LAU T rUVfcSTMLNT COSTS 39,133 

(pRiHARiiv n^Trri'Y i ihit rAcuiTiES) 

2. OTHER L'IIU:CT IM.Ain' INMiETMJIHT COOTS 

1. Ut.i lit.it'K, lii. ',«)!<•! 9,096 

2. c,oi\e;ial .'*■ rvi ' , Eitc '*’Vi-iopmnut. , 

rill' tiDivcU u!, Ml.. 2,317 

3. Gfiiic'ial Uui 1 .1 1 r. c. , .’ftin-H, SLopa, etc, 5,104 

4. Riitroivitv] . Sliipi mi 4,741 

2o. SUUTOTAJ. F<--H tliil !■ I : ! i Cl' I'UYNT INVESTMENT COSTS 

CPRIMAKJL' Onsni' !A' ! ;,I ILS f.’tn'ElOE BATTERY LIMITS) 21,258 

3. TOTAL Li.aiiJT L!,AI11 I COM', la *• 2a 60,39.1 

4. INUIHKC'l' i'ljMJT !:j'. I,. 'I-;; :j'1' l* -me 

1, F.nqj.r'<'i* 1 I 'uj , I 11“ 1 lu'ci.i , qti.. 3,757 

2. Hoji.i-il I o c . Ill] sciiKi's, otc. 9,076 

4a. TOTAL INLIRl'i/T n.AN'. INVi;M'Mi:NT COST 12,833 

5. TOTAI. OIKKC'! AN!' : ' t M;c :' PLANT INVESTMENT 73,224 

COST, 3 - Jft 

6. OVERALl, Ci'NTIN'-.i,:’.'' Y , < 'T 3 Oio% 7,322 

7. FIXED CAPITAI. TCTTCTMENT FOR PLANT, 5 + 6 80,546 


1980 CE Plant c\<at Indox -- .’S3 (March) 

1975 CE Plant Cost Index - 182 

1965 CE Plant Cost index = 104 Plant 

1960 CE Plant Cost Index = 102 Constructed 

in 1975 


($ 1000 ) 

I960'* Plant 


11,032 

2,685 

5,125 

528 

1,103 

1,889 

22,362 


5,198 

1,324 

2,917 

2,709 


12,147 

34,509 


2,147 

5,186 

7,333 

41,842 


4,184 

46,026 


Plant 

Constructed 
In 1960 'b 
( 1965 or 
Earlier) 
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TABLE 4.2-10 


ESTIMATION OF TOTAL PRODUCT COST FOR CONVENTIONAL POLYSILICON PROCESS 

PRODUCT COST, $/K<3 51 




LOW 

High 

Intermed. 



1.5<>/kw hr 

3<!/kw hr 

2.25<iAw hr 

1. 

Direct Manufacturing Cost 
1. Raw Materials 

15.34 

15.34 

15.34 


2. Direct Operating Labor 

3.65 

3.65 

3.65 


3. Utilities 

B.49 

14.26 

11.37 


4. Supervision and Clerical 

.55 

.55 

.55 


5. Maintenance and Repairs 

2.16 

2.16 

2.16 


6. Operating Supplies 

.43 

,43 

.43 


7. I>idx>ratory Charge 

.55 

.55 

.55 

2. 

Indirect Manaufaoturing cost 
1. Deprnoiation 





.92 

.92 

.92 

2 . Local Taxes 


3. Insurance 

.46 

.46 

.46 

3. 

Plant Overhead 

3.S2 

3.82 

3.82 

4. 

By-Product Credit 

(6.23) 

(6.23) 

(6.23) 

4«. 

Total Manufacturing Cost^ 
1 + 2 + 3 + 4 

30,14 

35.91 

33.02 

5. 

General Expenses 
1. Administration 

2.15 

2.15 

2.15 


2. Distribution and Sales 

2.15 

2.15 

2.15 


3. Research and Development 

1.08 

1.08 

1.08 

6. 

Total Cost of Product, 4a + 5 

35.52 

41.29 

38.41 (1975 dollars) 



X 1.4 

X 1.4 

X 1.4 inflation 



49.73 

57.81 

53,16 (1980 dollars) 


Basiss The above results are based on & plant constructed in 1960 's (1965 
or earlier) which is fully depreciated. The range reflects low and 
high electrical costs (1. 5-3<?/kw hr) . Intermediate reflects inter- 
mediate electrical cost (2.25^/kw lur) . 
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4,3 UCC Silana Proco«e for Silicon (Union Carbide Corporation) 


The economic analysis activity involves a cost analysis 
of the process under consideration for the production of sili- 
con. The cost analysis for the particular technology is based 
on process design results, such as requirements for raw 
materials and major process equipment necessary to produce 
the product, from the chemical engineering analysis activity. 
Primary results issuing fi'om the economic analysis include 
plant capital investment and product cost which are useful 
in identification of th-ose processes showing promise for 
meeting project cost goals. 

The cost analysis results for producing silicon by the 
UCC silane process (Union Carbide Corporation) are presented 
in Table 4,3-1 including costs for raw materials, labor, 
utilities and other items composing the product cost (total 
cost of producing silicon). The tabulation summarizes all 
of these items to give a total product cost without profit 
of $0,90 (1975 dollars) and $9,06 (1980 dollars) per kg, 

This product cost without profit includes direct manufactu- 
ring cost, indirect manufacturing cost, plant overhead and 
general expenses, 

The product cost represents all cost associated with pro- 
ducing 1 kg of silicon. On top of these costs a producing 
company will Include some profit. The sales price of the 
product silicon will actually be the sum of the product cost 
and a profit for the company . The profit is usally measured 
in terms of rate of return on the capital investment that 
the company spent in going into the polysilicon business. 

Two profitability methods which are commonly used are the 
return on original investment (per cent ROI) and discounted 
cash flow rate of return (per cent DCF). 

The cost and profitability analysis summary for this 
process are presented in Table 4.3-2. The sales price of 
polysilicon at various rates of return for both profitability 
methods (per cent ROI and DCF) is shown in the lower half 
of the table. The results indicate a sales price of $13 per kg 
of silicon (1980 dollars) at IR per cent UCF return on in- 
vestment . 

These cost and profitability results for the UCC silane 
process indicate that this new technology for producing poly- 
silicon shows good promise for meeting the cost goal of $14 
per kg of silicon material (1980 dollars) for solar cells. 
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Th» datailad r««ult* for tb« oconomic anulyala are pra- 
aanted in a tabular format to maka it aaaiar to locata coat 
itama of apaciflc intaraat. Tha ffuida for tha tabular format 
ia si van balow: 

• Praliminary Economic Analyaia Activitiaa. . .Tabla 4,3-3 


Procaaa Daaiflfn Inputs.. Tabla 4.3-4 

Baaa Casa Conditions .Tabla 4 . 3-5 

Raw Matarial Cost..... Tabla 4,3-6 

Utility Coat Tabla 4.3-7 

Major Procaaa Equipmant Coat ..Tabla 4.3-8 

Production Labor Coat .Tabla 4.3-0 

Plant Invaatmant.. Tabla 4.3-10 

Total Product Cost Tabla 4.3-11 


Tha aconomic analyaia providas datailad cost data for 
raw materials, utilities, labor and major process equipment 
which are nacasaary for polysilicon production. 
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TABLB 4.3-1 

ESTIMATION or PRODUCT COST POR ucc Sllano Procaa* 


Colt 

$/Kg of silicon $/Kg 
(1975 dollari) (198' 

1, Diriot Manufacturing Cost (Diraot Costs)...... 4,16 

Raw Matarials 

Diraot Operating r.abor 

Utilities 

supervision Clerical 
Maintenance and Repairs 
Operating Supplies 
Laboratory Charge 


2. Indirect Manufactuing Cost (Fixed Cost) 1.19 

Depreciation 
Local Taxes 
Insurance 

3. Plant Overhead. 0.66 

4. General Expanses 0.00 

Administration 
Distribution end Sales 
Research and iDevalopment 


5 . Product Cost Without Profit 6.90 


Coat 

of Silicon 
I dollars) 

6.81 


1.67 

0.92 

1.26 


9.60 
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TABLE 4.3-2 


COBT AND PROFITABILITY ANALYSIS SUMMARY FOR UCC Sllan* ProCMS 


1 . 

2 . 

3. 

4. 

5. 


Prooais. ........ 

Plant Slztt 

Plant Product... 
Product Form. . . . 
Plant Invaatmant 


..UCC Sllano Procose 
..1,000 Motrlo Toni/yaar 
. .Silicon 
..Liquid Phase 
,.$10,570,000 / $14,800,000 
(1975 dollara) (19S0 dollar*) 


Fixed Capital 
Working Capital 
(15%) Total 


$9.19 Maga 
$1.38 Mega 
$10, 57 Mega 
(1975 dollara) 


$ 12 . 87 M«ga 

$14,80tega 
(1980 dollara) 


6. Return on Original Investment, after taxes (\R01) 


7. 



Sales Price 

Sales Price 


$/Kg of Silicon 

$/Kg of Silicon 


(1975 dollars) 

(1980 dollars) 

0% ROI. . . 


9.66 

5« ROI. . . 


11.02 

10% ROI. . . 


12.39 

15% ROI... 


13.75 

20% ROI. . . 


15,11 

25% ROI... 


16.47 

30% ROI. . . 


17.84 

40% ROI. . . 


20.56 

i C...sh Plow 

Rate of Return, after taxes 

(% DCF) 


Sales Price 

Sales Price 


$/Kg of Silicon 

$/Kg of Silicon 


(1975 dollars) 

(i960 dollars) 

0% DCF. . . 


9.66 

5% DCF... 


10.54 

10% DCF. . . 


11.50 

15% DCF. . . 


12.55 

20% DCF. , . 


13.05 

25% DCF. , . 


14.82 

30% DCF. . . 


10.02 

40% DCF. , . 


18.53 


Baaed on 10 year project life and 10 year straight 
line depreciation. 

8. Tax Rate (Federal) 46% 
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Table 4.3-3 
ECCSOMIC AHALYSESi 

PRELIMINARY ECONOMIC ANALYSIS ACTIVITIES FOPycc Silaue ProceSS 


Prel, Process Economic Activity StatiiLS 


1. Process Design Inputs • 

1. Raw Material Requirements 9 

2. Utility HequireHEnts • 

3. Equipment List * 

4 . Labor Requirements * 

2. Specify Base Case Conditions • 

1. Base Year for Costs • 

2. Appropriate Indices for Costs t 

3. Additicxial 0 

3. Raw Material Coats t 

1. Bcise Cost/Ib. of Material • 

2. Material Cost/Kg of Silicon * 

3. Total Cost/Kg of Silicon * 

4. Utility Costs • 

1. Base Cost for Each Utility • 

2. Utility Cost/Kg of Silicon * 

3. Total Cost/Kg of Silicon 9 

5. Major Process Equipment Costs i 

1. Individual Equipment Cost i 

2. Cost Index A.djustment i 


Prel. Process Economic Activity 

6. Production Labor Costs 

1. Base Cost Man Hour 

2. Cost/Kg Silicon Per Area 

3. TotaLl Cost/Kg Sili<x» 

7. Estimation of Plant Investment 

1 . Battery Limits Direct Costs 

2. Other Direct Costs 

3. Indirect Costs 

4. Contingency 

5. Total Plant Investment 
(Fixed Capital) 

s. Estimation of Total Product Cost 

1. Direct Manufacturing Cost 

2. Indirect Manufacturing Cost 

3. Plant Overhead 

4. By-Product Credit 

5. GeneraLL Expenses 

6. Total Cost of Product 


0 Plan 

9 In Progress 
C Ccm^lete 
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TABLE 4 . 3-4 


PROCESS DESIGN INPUTS FOR 
UCC SILANE PROCESS 

1. Raw Matarial Raquiramants 

-M.G. Silicon, silicon tatrachlorida, hydrogen, copper catalyst, lime 
-see table for "Raw Material Cost" 

2. Utility 

-electrical, steam, cooling water, etc. 

-see table for "utility Cost" 

3. Equipment List 

-93 pieces of major process equipment 
-process vassals, heat exchangers, reactor, ate. 

A . Labor Requirements 

-production labor for purification, vaporization, product handling, etc. 
-sea table for "Production Labor Cost" 
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TABLE 4.3-5 


BASE CASE CONDITIONS FOR 
UCC SILANE RPOCESS 


1. Capital Equlptnant 

-January 1975 Coat index for Capital Equipment Cost 
-January 1975 Cost Index Value • 430 

2. Utilities 

-Elertrical , f'nollnq Wa^'er, Nitrogen 

-January 1975 Cost Index (U. S. Dept, Labor) 

-Values determined by literature search and summarized in coat 
standard i zai” ion work 

3. Raw Hatfrial Cost 

-Chemical Marketing Rei'orter 
■•January 1975 Value 

-R.iW Material Cost Index for Industrial Chemicals 
-1975 Cost Index Value ^ 206,9 {Wholesale Price Index, Producer 
Price Index) 

4 . Labor Cost 

-Average for cimmi.al r-'1 earn. Coal and Allied ' .'ustries {1975) 
-Skilled $6. 90/hr 
-Semiskilled $4.90/hl 

5. Update to Ififlo 

-hiHtoricany «’ilcd 1975 dollars (LSA project) 

-DOE decision to cUange to 1980 dollars (JPL, 6/22/79) 

-reports to rcflt'ct both 1975 and 1980 dollars (JPL, 6/22/79) 
-inflation factor of' 1.4 to be used (JPL, 6/22/79) 
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RAW MATERIAL 

Raw MatGrlal 

1. M.G. Silicon (Si) 

2. Silicon Tetrachloride 
(Sici^ , maKo-up) 

3. Liquid Hydrogen (H2/ 
make-up) 

4. Copper Catalyct (Cu) 

5. Hydrate Lima (Ca(OH)^) 


TABLE 4.3-6 

COST FOR UCC SILANE PUOCESS 


Requirement 

$/lb of 

Cost $/KG 

Ib/KG of Si 

Material 

of Si 

2.60 

0.S35 

1.391 

2.76 

0.135 

0,373 

0.032 

1.84 

0.059 

0.051 

0.922 

0.047 

2.43 

0.015 

(33.2$/ton) 

0.036 


TOTAL 

1.906 (1975 dollars 


X 1 . 4 inflation 
3.668 (1980 dollars) 
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TABU' 4.3-7 


Utility 

1. Electricity 

2. Steam 

3. Cooling Water 

4. Process Water 

5. Refrigerant 

6. Fuel 


Note t 

k * kilo •= 10^ 
M • mega » lo“ 


UTILITY COST FOR UCC SILANE PROCESS 


Requirement, 'KG 
of Silicon 

Cost of 
Utility 

Cost $/KG 
of Silicon 

3.050 Kl'? 

0.0324 $/KW-HR 

0.0988 

172.200 lbs. 

1.35 $/klb 

0.2325 

525.000 gallons 

0.09 $/kgal 

0.0473 

0.0709 gallons 

0.405$/kgal 

0.0001 

968.000 Btu 

10.50 $/MBtu 

0.0102 

100.00 BtU 

1.40 $/MBtu 

0.0379 


TOTAL 

0.43 (1975 dollars) 
X 1.4 inflation 
0.60 (1980 dollars) 
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TABIiB 4. 3-8 


PURCHASED COST OF MAJOR PROCESS EQUIPMENT FOR 
UCC SILANE PROCESS 



Equip 

msnt 

Purohased Cost, $1000 

1 . 

(D-01) 

Crude TCS/STC Stripping Column 

5.5 

2. 

(D-02) 

TCS/STC Distillation Column 

32.6 

3. 

CD-03) 

DCS/TCS Distillation Column 

61.6 

4. 

(D-04) 

Silane Distillation Column 

50.3 

S. 

(R-01) 

Hydrogenation Reactor 

e?.6 

b. 

(R- ) 

DCS Redistribution Reactor 

19.2 

7. 

(R-03) 

TCS Redistribution Teactor 

17.3 

8-9. 

(B-04) Sludga Neutralization Reactor 

10.3 

10. 

(H-01) 

Liquid Vaporizer (Provided by Vendor) 

11. 

(H-02) 

STC Cooler 

26.4 

12. 

(H-03) 

Quench Condenser 

22.6 

13, 

(H-04) 

Recycle STC Vaporizer 

3.3 

14. 

(H-05) 

Recycle STC Superheater 

35.0 

15. 

(H-06) 

Recycle Heater 

10.0 

16. 

(H-07) 

Stripper Raboiler 

1.5 

17, 

{H-08) 

Stripper Condenser 

1.4 

18. 

(H-09) 

TCS/STC Reboiler 

8.6 

1 ». 

10) 

T-’S/STC Condenser 

44.5 

20. 

(H-ll) 

DCS/TCS Reboiler 

8.2 

21. 

CH-12) 

DCS/TCS Condenser 

16.2 

22. 

(H-13) 

DCS Cooler 

1.5 

23. 

(H-14) 

TCS Cooler 

3.0 
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TABLE 4.3-8 


(Confcinuad) 


24. 

(H-15) 

Silan* Babollair 

1.3 

25. 

(H-16) 

Si Ians Condctnsar 

2.6 

26. 

(H-17) 

Silane Vapor izar/Superheater 

2.4 

27. 

(H-18) 

Pyrolysis Hydrogen Cooler 

4.1 

28. 

(H-19) 

First Stage H 2 Intercooler 

3.6 

29. 

(H-20) 

Second Stage 83 Intercooler 

3.6 

30. 

(C-01) 

Pneumatic Conveying Pan 

1.6 

31. 

CC-02) 

Recycle Blower 

4.7 

32. 

(C-03) 

First Stage Compressor 

9.7 

33. 

{C-04) 

Second Stage Compressor 

9.7 

34. 

(C-05) 

Third Stage Compressor 

9.7 

35. 

(P-Ol)i 

Quench Contactor Pump 

2.4 

36. 

CP-03) 

Recycle STC Pump 

15.0 

37. 

(P-04)TCS Distillate pump 

19.8 

38. 

(P-05) 

DCS Distillate Pump 

11.3 

39. 

(P-06) 

Lime Tank Pump 

2.0 

40. 

(T-01) 

Crude TCS/STC Storage Tank 

39.0 

41. 

(T-02) 

STC Storage Tank 

17.0 

42. 

(T-03) 

Liquid H 2 Storage (Provided By Vendor) 


43. 

(T-04) 

Waste Settler Tank 

27.0 

44. 

(T-05) 

Waste Cliloride Tank 

1.8 

45. 

(T-06) 

Quench Condenser Receiver 

8.8 

46. 

(T-07) 

Recycle H 2 Receiver 

7.2 
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TABLE 4 . 3 -B ( Cont inuttd ) 


47. 

(T-08) 

Strippar Reflux pot 

1.2 

40. 

(T-09) 

TCS/STC Fttflux pot 

6.1 

49. 

(T-10) 

DCS ACS Reflux pot 

11.2 

50. 

(T-ll) 

A, B S liana Shift Tank (two) 

20.6 ea. 

51. 

(T-13) 

Pyrolyais Raceiv ;r 

7.9 

52. 

(T-14) 

Lime Make-up Tank 

5.7 

53. 

(T-15) 

Sludge Pump Tank 

11 

54. 

(B-01) 

M. G. Silicon Storage Hopper 

12 2 

55- 

56. (0- 

04) Pyrolyais Dust Bin 

1.7 

57. 

(P-Ol) 

crude TCS/STC Filter 

0,7 

58. 

(P-02) 

Waste Hydroxide FiP"r 

5.0 

59. 

(F-Q3) 

Pyrolysis Filter 

0,7 

60. 

(F-04) 

M. G. Silicon Unloading Filter 

1.6 

61 . 

(S-01) 

M. G, Silicon Unloading Cyclone 

1.4 

62. 

CS-02) 

Double Shell Blonder 

1.3.0 

63. 

(.9-03) 

M. G. Silicon Loak Hopper 

5.8 

64. 

(U-OU 

Quench Contactor Ejector 

1.3 

65. 

(D-ni’) 

Lime Tank Agitator 

1.3 

■ .fi . 

») 

Vent (;as Combuntor 

6.3 

07. 

(U-04) 

vent Gas Elector 

1.3 

68. 

(R-05) 

Silane Pyrolysis Reactor (six) 

46. 8 aa. 

69. 

(X-01) 

Mel ter. s (six) 

53.0 ea. 

70. 

(B-05) 

Powder Hoppers (two) 

19.9 ®a. 

71. 

(X-02) 

Hydrogen cooler 

4.1 
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TABLE 4. 3 ”8 (Continuad) 


72, 

(X-03) 

Hydrogan Blowor 

2.5 

73. 

(X-04) 

Dust Filter 

0.8 

74. 

(X-j5) 

Star Valve (six) 

1.2 ea. 

75. 

(X-06) 

Conveyor 

8.3 

76. 

(X-07) 

Drum Loader 

16.6 


TOTAL 1481.9 (1975 dollars) 

X 1.4 inflation 
2074.7 (1980 dollars) 
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TABUS 4.3-9 


PRODUCTION LABOR COST FOR UCC SILANR PROCESS 


Saction/ 

Unit Operation 

Skilled Labor 
Man-Hrs/KG of Si 

Semiskilled Labor 
Man-Hrs/KG of Si 

Cost 

$/KG of Si 

1. 

Hydrogenation 

0.00745 

0.000745 

0.0879 

2. 

Silane 

0.02230 


0.1539 

3. 

Pyrolysis 

0.029BO 


0.2056 

4. 

Waste Treatment 

0.00745 


0.0514 

5. 

Hydrogen Compression 

0.00745 


0.0514 




TOTAL 

0.55 (1975 dollars) 
V 1.4 ini lation 
0.77’'’{1980 dollars) 
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TABLE 4.3-10 


ESTIMATION OP PLANT INVESTMENT FOR UCC SILANE PROCESS 


1. DIRECT PLANT INVESTMENT COSTS 

1. Major procttBB Equipmant Cost 

2. Installation of Major Procaas Equipmant 

3. Procasa Piping ^ Installad 

4. Instrumantation, Installed 

5. Blaotrical, Installed 

6. Process Buildings ^ Installed 

la. SUBTOTAL FOR DIRECT PLANT INVESTMENT COSTS 
{PRIMARILY BATTERY LIMIT FACILITIES) 

2. OTHER DIRECT PLANT INVESTMENT COSTS 

1. Utilities, Installed 

2. General Services, Site Development, 

Fire Protection, etc. 

3. General Buildings, Offices, Shops, etc. 

4. Receiving, Shipping Facilities 

2a. SUBTOTAL FOR OTHER DIRECT PLANT INVESTMENT COSTS 

(PRIMARILY OFFSITE FACILITIES OUTSIDE BATTERY LIMITS) 

3. TOTAL DIRECT PLANT INVESTMENT COST, la + 2a 

4. INDIRECT PLANT INVESTMENT COSTS 

1, Engineering, Overhead, etc. 

2. Normal Cont. for Floods, Strikes, etc. 

4a. TOTAL INDIRECT PLANT INVESTMENT COST 

5. TOTAL DIRECT AND INDIRECT PLANT INVESTMENT COST, 

3 + 4a 

6. OVERALL CONTINGENCY, % of 5 

7. FIXED CAPITAL INVESTMENT FOR PLANT, 5 + S 


Investment 

$1000 


1,481.9 

637.2 

1.096.6 
281.6 

148.2 
148.2 

3.793.7 


711.3 

177.8 

207.5 

311.2 

1,407.0 


5,201.5 


815.0 

1.052.1 

1.867.1 
7,068.6 


2,120.6 


9,189.2 (1975 dollars) 
X 1.4 inflation 
12,864.9 {1980 dollars) 
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TAQLR 4.3-U 


B8TIMATI0N OP TOTAL PRODUCT COST 
POR UCC SILAKE PROCESS 


l/TCG Of Si 


1. Dlract M«nufiicturlng Cost (Diract Chargss) 

1. Raw HatarlAls ,906 

2. Dir Act OperAtlng Lsbor 0.560 

3. UtiUti®» 0.427 

4. Supervision And Clerical 0,083 

5. MAintenance and Ropairs 0.919 

6. Operating Supplies 0.184 

7. Laboratory charge 0 081 

2. Indirect Manufacturing Cost {Fixed Charges) 

1. Depreciation 0.919 

2. Local Taxes 0 184 

3. Insurance 0.092 

3. Plant Overhead 0.656 


4, By-Product Credit _ 

4a. Total Manufacturing Cost, 6 003 


5. General Expenses 

1. Administration 0,360 
?, Oi atribuLion and Sales 0.360 
1, Research and Development 0 180 


6. ''’oial Coat t)f Piotluci, la ^ 5 


6.903"(1975 dollars) 
inflation 

604 U980 dollars) 


340 



4.4 BCL Prooasa foi' Silicon - Caae A (Battolla Colunibua Laboratories) 


Tho economic analysis activity involves a cost analysis 
of the process under consideration for the production of sili- 
con. Tho cost analysis for the particular technology is based 
on process design results, such as requirements for raw mate- 
rials and major process equipment necessary to produce tho 
product, from the chemical engineeriag analysis activity. 

Primary results issuing from tho economic analysis include 
plant capital investment and prodrct cost which are useful 
in identification of those processes showing promise for meeting 
project cost goals. 

The coat analysis results for producing silicon by tho 
BCL process-Caso A (Battelle Columbus Laboratories) are pre- 
sented in Table 4.4-3 including costs for raw materials, labor, 
utilities and other items composing the product cost (total 
cost of producing silicon). The tabulation summarizes all 
of those items to give a total product cost without profit 
of .$S,63 (1975 dollars) and $12.08 (1980 dollars) per kg. This 
product cost without profit includes direct manufacturing 
cost, Indirect manufacturing cost, plant overhead and general 
expenses. 

The product cost represents all cost associated with pro- 
ducing silicon. On top of these costs a producing company 
will include some profit. Tho sales price of the product 
silicon will actually be the sum of the product cost and a 
profit for the company, The profit is usually measured in 
terms of rate of return on the capital investment that the 
company spent in going into the polysilicon business. Two 
profitability methods which are commonly used are the return 
on original investment (per cent ROI) and discounted cash 
flow rate of return (per cent DCF). 

The cost and profitability analysis summary for this pro- 
cess are presented in Table 4.4-2. The sales price of poly- 
silicon at various rates of return for both profitability 
methods (per cent ROI and DCF) is shown in the lower half oi 
the table. The results indicate a sales price of $13.28 pt>r l;g 
of silicon (1980 dollars) at 5 per cent DCF return on invest- 
ment after taxes. 

The detailed results for the economic analysis are presenled 
in a tabular format to make it easier to locate cost items 
of specific interest. The guide for the tabular format is 
given below: 
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• Preliminary Economic Analyela Activitlao . .Table 4.4-3 


Proceee Dosisn Inputs ...Table 4.4-4 

Base Case Conditions Table 4.4-6 

Raw Material Cost Table 4,4-6 

Utility Cost Table 4.4-7 

Major Process Equipment Cost... .Table 4.4-8 

Production Labor Cost Table 4.4-9 

Plant Investment Table 4.4-10 

Total Product Cost .....Table 4.4-11 


Those cost and profitability results for the BCL process- 
Case A indicate that this now technology for producing poly- 
silicon shows promise for meeting the cost goal of $14 per kg 
of silicon material (1980 dollars) for solar cells. 
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TW^LB 4.4-1 


ESTIMATIOM OF PRODUCT COST FOR BCL PROCESS - CASE A 


Cost 

$/Kg of Silioon 
U97S doUara) 

1. Oireob Manufacturing Cost (Direct Costs) S.21 

Raw Materials 

Direct Operating Labor 

Utilities 

Supervision and Clerical 
Maintenance and Repairs 
Operating Supplies 
Laboratory Charge 

2. Indirect Manufactuing Cost (Fixed Cost) 1.62 


Depreciation 
Local Taxes 
Insurance 

3 . Plant Overhead. 0.68 

4, General Expenses. 1.12 

Administration 


Distribution and Sales 
Research and Development 


5. Product Cost Without Profit.... 8.63 


Cost 

$/Kg of Silicon 
(1980 dollars) 

7.29 


2.27 

0.95 

1.57 


12,08 
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TABLS 4.4-2 


C08T AND PROFITABILXTY ANALY8I8 SUMMABY FOR BCL PFWCBSS-CASE A 


1 . 

2 . 

3. 

4. 

5. 


ProoSBB. BCL Proceag-CftBe A 

Plant Sita 1,000 Hatric Tona/yaar 

Plant product. -silicon 

Product Porm silicon Granulea 

Plant invaatmant Si4.J4o,ooo /$2pxQ7o,coo 

(1975 dollara) (I'^aO doUara) 


Fixed Capital 
Working Capital 
(15%) Total 


$12,47tilag* 
$1.87 W»ga 
$ 14 . i4Maga 
(1975 dollara) 


$17.45 Maga 
$ 2.62 Maga 
$20.07 Mega 
(1980 dollara) 


6. Return on Original Invaatmant, aftar taxaa (%R0I) 


Salaa Price 
$/Kg of Silicon 
(1975 dollara) 


salaa Price 
$/Kg of Silicon 
(1980 dollara) 


0% 

ROX, . 


8,r>i 

12.08 

5t 

10« 

KOI . . . 


9 9(. 

l .V 94 

ROI. .. 


1 1 . 2H 

15. 8( 

15% 

20% 

25% 

30% 

40% 

ROI. . . 


12. bi 

} 7 85 

ROI . « . 


1-1.94 

1 0 . S 1 

ROT , . 


15. 27 

n. 3 ? 

ROI. . . 


lb. 59 

2 3 . 2,’. 

ROI... 


19.25 

2.5 9u, 


7. Discounted Cash Flow Rato of Return, after taxes <t Dc:f) 

Sales Price Saies 




$/Kg of Silicon 

S/Kg of 

S i ‘ ; oo 



(1975 doMare) 

1^1980 doiia. «■* 

Oft 

DCF 

. 8. <.3 

1.: 


5% 

DCF . . . 

9..)!» 

1.' 

28 

10% 

DCF, 

10.42 

i *4 


15% 

OCP . . . . . 

... ... 11.44 

i ‘ > 

c . 

20% 

DCF 

12.52 

1 • 

" 1 

75% 

I'CF 

I,?.b5 


11 

.30% 

DCF 

M.8> 

.5' 


<»0% 

DCF. ... 

17 - .>7 


'3 


Based on 10 year project life and 1’.' c-i. straight 
livie depreciation. 

a. Tax Rate (Federal) 





TABLE 4 . 4-3 


PPi 




;;afp 


ECONOKIC ANALYSES: 


Ecorjoyic analysis AmvixiEs 


?Cr BCL PPOCESS-CASE A 


.-rocesi z.' 






?rel . Prcc<^-ss E'JOriCgiic Act.vit-y 


Status 


f r 'jce s jest -jr. ' r. t * t , 

* Pat*^r. r-£;j , 






* 

* 

4 


^ *: . . 1 



s 

1 


5. t- 


« 

« 


y.a 

1 . 

2 . 


1 '. TO rt s 

Ir.di vidua i 
Cost Index 


EquLp"e .' 
Adjust:~^<.f- 


w 

t 

* 


I * nu -rt 1 '»r. -vas ' r Costs 

Bd^e iGsn Per Yar. Hour 
. . :.s' Ks : ' - ;tn r Ares 

1. -.•al .'■< :j I ■. . . orx. 



%'.dl I la... 

: 'a I ar. . ' al . 


L .-.-a .>; Total rrodict "os. 
..r-;-. yan ulatt'urino Cost 
..-.'I- r-'T* 'tar.ufaoturir.g Cos* 

1 rla.. t Cvsi..eai 

By-Broduct Credit 

w. « j*c . >1 r” t4 

Total Cost of Prcdu-t 


C Piar. 

e In Progress 
t Cosclete 



TABLE 4.4-4 


PROCESS DESIGN INPUTS FOR 
BCL PROCESS - Caae A 


1. RAW Matarial Raquiramanta 

-Silicon totrachlorida, sine, lima, argon and nitrogan 
-soa tabla for "Raw Material Coat" 

2. Utility 

-electricity, steam, cooling water and process water 
-see table for "Utility cost" 

3 . Equipment List 

-62 plus pieces of major process equipment 
-process vessels, heat exchangers, reactor, etc. 

4. Labor Requirements 

-production labor for purification, deposition, electrolysis, etc. 
-see table for "Production Labor Cost" 


3^6 



TAnu: 4.4-S 

HASH I'ASF CtlNPITlC^J FOR 0CL FROCESS-CABE A 


1. Capital EtluipTO'til 

“January iy?'i Coat Index for Capital Equipment Coat 
“January IdTS Cost Index Value » 430 

2 . Utilities 

“Electrical, tUeain, Coolinq Water, Nitrcjqiui 
-January l‘)7S Cost Index (U. s. ti«*pt. Labor) 

“Values determined by literature search and summarized in coat 
standardization work 

.3, Raw Material Cost 

“Chemical Marketing Kepoilet 
“January l‘17*S Value 

-Raw Materia! Cost Index r ■; Industrial Chemieals 
-inV'i Cost iiuli'x "ahi' ' 'Wholi-uale Privo Index, Producer 

Price Index) 

4. Labor Cost 

-Avi*rage tor Chemieal r<'tToleum, Coal and Allic'd Induntries (1075) 
“Skilled $ 1 '.'*'' hi 

Update tc' lUHC 

“111 it oi i( a 1 iV cili'C. l‘*7' doiCus li.hA project) 

-DOE decision to el,.,nge to l"i!d .lellais (JPL, b/22/7y) 

“Vi’por I s to relbst boll; !''s pine dollars (iiPL, b/J2/70) 

-inflation faet-u of i ■! i. Is useij idl'L, ii/J.c/ 79 ) 
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Table 4.4-6 


RAW MATERIAL COST FOR BCL PROCESS-CASE A 



Raw Material 

Requirement 
Ib/KG of Si 

$/lb of 
Material 

Coat $/KG 
of Si 

1. 

Silicon Tetrachloride 
(SiCl^) 

lii.bfl 

0.135 

2.1W 

2, 

Zinc (zn) 

0.54 

0.38 

0.205 

3. 

Hydrate Lime- 

(Ca(OH)2) 

2,85 

0.015 

0 . 04 3 

4. 

Argon {Ar) 

3.1 SCF 

0.016/SCF 

0.050 

5. 

Nitrogen (N^) 

7.6 SCF 

0.003/SCF 

0.023 




Sub Total 

2.4 38 

6. 

Chlorine (CI 2 ) 

-10.46^ 

0.0332 

-0.347 




TOTAL 

2.081 (1975 dollars) 


X 1.4 inflation 
2.^527 (19H0 dollmrs) 


Note t 


1. This number is the result of by-product rate minus reactor chlorination latc, 
i.e., 11.12 - 0.6b lb. of CI 2 /KG Si. 
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Tabla 4,4-7 

UTILITY COST FOR BCL PROCESS-CASE A 


Utility 

1. Elactrioity 

2. Steav.> 

i. Cooling Watar 

4. Process Watar 

5, Refrigerant 


Raqui reman t /KG 

Cost of 

Cost $/KG 


of Silicon 

Utility 

of Silicon 


30.92 kw-hr 

0.0324 $/kw-hr 

1.0018 



9.67 pounds 

1.35 $/klb 

0.0131 



37.88 Gallons 

0.09 $/kgal 

0.0034 



24.20 Gallons 

0.405 S/kgal 

0.0098 



2.38 MBtu 

10,50 $/MBtu 

0.0250 




TOTAL 

1.0531 

(1975 

dollars) 



X 1.4 

inflation 



1.4743 

(1980 

dollars] 


Note : 

k " kilo “ 10^ 
M “ mega » 10® 
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TABLE 4.4-8 


ESTIMATED COST OF MAJOR PROCESS EQUIPMENT FOR BCL PROCESS -CASE A 
Equipmant Purchaaad Coat, $1,000 


1 . 

(D-01) 

Light End Plitillatlon Column 

55.6 

2 . 

(D-02) 

Haavy End DiPtillation Column 

55.6 

3. 

(A-01) 

Primary SICI 4 Vent Scrubber 

0.8 

4. 

(A-02) 

Final StCl 4 Vent Scrubber 

11.1 

5. 

(H- 01 ) 

L. E. Column Feed Heater 

7.8 

6 . 

(H-02) 

L. E. Column Roboller 

2.2 

7. 

(M-03) 

L. E. Column Condenser 

2.3 

8 . 

(H-04) 

H. E. Column Feed Heater 

7.8 

9. 

(H-OS) 

H. E. Column Reboiler 

2.4 

10 . 

(H-06) 

H. E. Column Condenser 

2.3 

11 . 

(H-07) 

SiCl 4 Vent Condenser 

11 . B 

12 . 

(H-OH) 

SiCl 4 Vaporizer 

6.7 

13. 

CH-09) 

Reactor Condensers (2) 

190.3 

14. 

(H-: 0 ) 

Reactor EnCl 2 Strippers (2) 

27,9 

15. 

(H-ll) 

SiCl 4 Condenser 

20.5 

16. 

(H- 12 ) 

Cell Zir It Stripper 

10.9 

17. 

(H-13) 

Therminol Cooler (Cold Circuit) 

3.0 

IB. 

(H-14) 

Therminol Cooler (Hot Circuit) 

9.1 

19. 

(H-15) 

Start-up Heater 

9.6 

20 . 

(H-UO 

silicon Product Coolers (2) 

7.7 

20 a. 

(H-17) 

Chlorination Cooler 

15.9 

20 b. 

(H-18) 

Cell Gas Cooler 

18.7 

21 . 

{T-OD 

SiCl 4 Storage Tank 

33.6 

22 . 

{T-02) 

Sicl^ Emergency Storage Tank 

33.6 

23. 

(T-03) 

L. L. Column Reflux Drum 

6.7 
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TABLE 4.4-8 


(ContJ.nua'l) 


24. 

(T-04) 

Surg* Tank 

19.0 

25. 

tT-05) 

Sump Tank 

19.0 

26. 

tT-06) 

H. E. Column Raflux Drum 

6.7 

27. 

(T-07) 

Pur» siCl 4 Storaga Tank 

28.8 

28, 

(T-08) 

Elactrolyaia Paad Tank 

46.0 

29. 

(T-09) 

Molten Zinc Storage Tank 

86.9 

30. 

(T-10) 

Tliarmlnol Head Tank 

3.8 

3.1. 

(T-in 

Therminol Drain Down Tank 

5.3 

32. 

(T-12) 

Chlorine Supply Tank 

2.4 

33. 

(T-13) 

Lime Solution Storaga Tank 

6.8 

34. 

(P-01) 

Purification Food Pump 

3.7 

35. 

(P-02) 

L. E. Column Feed Pump 

8.4 

36. 

(P-03) 

L. E. Column Reflux Pump 

8.4 

37. 

(P-04) 

Surge Tank Pump 

9.8 

38. 

(P-05) 

Sump Pump 

3.7 

39. 

(P-06) 

L. E. Column Bottom Pump 

12.0 

40, 

(P-07) 

n. E. Column Reflux Pump 

8.4 

41. 

(P-08) 

H. E, Column Bottom Pump 

10.9 

42. 

(P-09) 

Sici 4 Vaporizer Feed Pump 

4.8 

43. 

(P-10) 

Reactor condenser Circulation Pumps (2) 

14.4 

44. 

(P-11) 

Cold Circuit Pump 

6.7 

45. 

(P-12) 

Hot Ci'^cult Pump 

13.9 

46. 

(P-13) 

Primary Scrubber Recirculation Pump 

0.9 

47. 

(P-14) 

Primary Scrubber Lower-loop Recirculation Pump 

1.4 

48. 

(P-15) 

Primary Scrubber Upper-loop Recirculation Pump 

1.5 

49. 

(P-16) 

Lime Solution Metering Pump 

1.4 
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TABLE 4.<4'*8 (Continued) 


50. 

(P-Ol) 

L. E. Colujtui P»*d Pllt*ir 


0.9 

51. 

(F-02) 

L. E. Column Reflux Filter 


0.9 

52 . 

{F-03) 

H. E. Column Fet'd Filter 


0.9 

53. 

(P-04) 

H. E. Column lief lux Filter 


0,9 

54. 

(F-05) 

Thermtnol Cooler Blower Filter 


0 7 

55. 

(R-01) 

Fludizrd Bod Reactor* (2) 


197.1 

56. 

(FN-01) 

Furnacefi t.l) 


354.2 

57. 

(B-01) 

Seed Addition Hoipers (2) 


9.6 

58. 

(B-02) 

Si Product Hopper h (4) 


14.4 

59. 

(B-03) 

Zinc Hopper 


2.4 

60. 

(C-01) 

Therminol Coolci Blower 


4.8 

61, 

(C-02) 

Scrubber Vent B lower 


5.4 

62. 

(E- 01) Eductors (2) 


1. t 

63. 

(EC-01) 

Electrolysis Colls (6) 


441. ( 

64. 

(PW-01) 

Power Supply .incl Hus 


I OS. 4 

65. 

(VP-01) 

Zinc Vai>or izejs (2) 


_ J,4_4.J> 




TOTAL 

2.1 .'7. / 


X 1 . d i I, : 1 '( i ■! 
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TABLE 4.4-9 


PRODUCTION LABOR COST POR BCL PROCESS -CASE A 




Labor 

Labor Cost 

Cost 


Suction 

Man-Hr/Kg Si 

$/Man-Hr 

$/Kg Si 

1. 

Purification 

0.01402 

6.90 

0.096S 

2. 

Deposition 

0.01402 

6.90 

0.0968 

3. 

Electrolysis 

0.02103 

6.90 

0.1451 

4. 

Waste Treatment 

0.00701 

6.90 

0.0484 

5. 

Product Handling 

0.00701 

6.90 

0.0484 




TOTAL 

0.4355 (1975 dollars) 


X 1.4 inflation 
0.6097 (1980 dollar*) 


Note: Costa are 1975 Dollars 
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TABLE 4.4-XO 


KSTIMATK>N OF PLANT INVESTMENT FOR BCL PROCESS -CASE A 


Invo«tim*nt 

$10 00 


1. DIRECT I’l^NT 1N\'KSTMKNT COSTS 

1. PtoccsN Kijuipttwnt coat 

2 , Inatnllrttion of M<i lor Pioroas Equipment yi(,..4 

3. Pr<ic«‘HM iif'inq, InatAlltid 

4, IiiHtruincritat ion, installoi) 4 ’*^.h 

5. El ft t T 1 • '« ! , 1 toit ,1 1 1 t*d 

6, I’loi-otis Hti t lit I ti()s , lnHtAllt>d 

la. SLBTtrTAL KOK DIRECT IMJVNT INVESTMENT t OST! ' .'C.'4.q 

(PRIMARILY BATTERY LIMIT FAi ' U i i i LS ) 


2 . OTHER ntREX'T PIANT INVESI'MENT ofT'^ 

1. Utiliti<*s, Iin.tallfil 

2. CfttfiMl Si>rvioi , Sitf vt‘ U'Dirif n L , 

Fire It ot »m t i titi , <'t i , 

J, (.Rmu'i , 1 1 BuiMinn-s, ■•tfui'.i, Choi'S, etc, 

4. Rf*i f i V imi , Shii'i'ino i Tt ilitivs 


104 


2a. SUBTOTAL I< >R OTHKK ICRKCT PLANT INVESTMENT COSTS 

(PRIMARILY OI'ESITE FACILITIES OUTSIDE BATT'ERY LIMITS) 


3. TOTAL DIKECT PLANT INVESTMENT COST, la + 2a 


/ , (.-1 1 . 


; 


4. INDIRI'X’T P121NT TNVFSTMI;NT Ct'STS 

1. Ftiq iriff r 1 nq , I’vftiu'qd, fti;. 

2. Normal t'ont . !f>( Moods, Sliikt.'s, oto. 


1 , 1 ;•/ . ■ 
1 , s-U', ■ 


4a. TOTAI INDlKF.C't' PLANT INVESTMENT CoS’l 


M . • 


5. TOTAL 'MhIv-t ANI' INI'D-FCT PLANT INVESTMENT COST, 
1 + 4a 

6. OVER':.: CON'i lNOi NCV , f -'f s 

^ ILVl . VMr.NT EOF ''LANT, S + (, 


1 or;.,. 


2,0V 


' . 4M . . ( I '> / 1 u ■ . 

4 itifl.itior 
i~,4'si ( 1‘IHO i!o' 
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TABLE 4,4-11 


ESTIMATION 01 TOTAL PRODUCT COST FOR BCL PROCESS- *ASE A 


»/KG r f SI 


1. Direct HAnufacturlnq Cost (Dlr«ct Chargvs} 

1, Raw Haterlaln 2.091 

2, Direct Operating Labor 0,436 

3, UtiUtie* 1.053 

4, Supcrviaion and Clerlcol 0.065 

5, Maintenance and Repairs 1.247 

6, Operatlnq Supplies 0,249 

7, Laborattjry rharqo 0.065 

2. Indirect Manaufacturina Cost (Fixed Charges) 

1. Di^preci at ion 1,247 

2. Local Taxes 0.249 

3. Insurance 0,125 

3. Plant ('verhead 0.675 


4. 

By-Product Credit 


4a. 

Total Manufacturing Cost, 1 + 2 + 3 t 4 

7.501 


5. General Expenses 


1. Adninint ration 

0.450 

2. Distribution and Sales 

0.450 

3. Reseat ch and Development 

0.225 


h. Total Coat of Pioduct, 4a + 5 8,f>26 (1975 dol Ir.r 

X 1.4 inflation 
12.076 (1980 do’. 1:; 
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4.5 BCL Proc988 for Silicon - Caeo B (Battollo Columbus Laboratorlos) 


Tho aconomic analysis activity involvas a cost analysis of 
tha process under consideration for the production of silicon. 
The cost analysis for the particular technology Is based on 
process design results, such as requirements for raw materials 
and major process equipment necessary to produce the product, 
from tho chemical engineering analysis activity. Primary 
results issuing from the economic analysis Include plant capital 
investment and product cost which are useful in identification 
of those processes showing promise for meeting project cost 
goals. 

The cost analyiiia results for producing .Ullcon by tho 
BCL process - Case B (Battel le Columbus Laboratories) are 
presented in Table 4. 3-1 including costs for raw materials, 
labor, utilities and other items composing the product cost 
(total cost of producing silicon). The tabulation summarizes 
all of these items to give a total product cost without pro- 
fit of $7.91 (1975 dollai's) and $11.07 (1980 dollars) per kg. 
This product cost without profit includes direct manufacturing 
coat, indirect manufacturing cost, plant overhead and general 
expenses. 

The product cost represents all cost associate ■’ with pro- 
ducing silicon. On top of these costs a producing company 
will include some profit, The sales prico of the product si- 
licon will actually be the sum of the product cost and a pro- 
fit for the company. The profit is usually measured in terms 
of rate of veV *n on the capital investment that the company 
spent in going into the polysilicon business. Two profita- 
bility methods which are commonly used are the return on orig- 
inal estment (per cent ROI) and discounted cash flow rate 
of return (per cent DCF), 

The cost and profitability analyjais summary for this process 
are presented in Table 4.5-2. The sales price of polysilicon 
at various rates of return for both profitability methods (per 
cent ROI and DCF) Is shown in the lower half of the table. 

The I’esults indicate a sales price of $13,14 per kg of silicon 
(1980 dollars) at 10 per cent DCF return on investment, 

Thofie cost and profitability results for the BCL process- 
Case B indicate that this new technology for producing poly- 
silicon shows promise for meeting the cost goal of $14 per kg 
of silicon material (1980 dollars) for solar cells. 
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Tho detailad results for the economic analysis are presented 
in a tabular format to make it easier to locate cost items of 
specif interst. The guide for the tabular format is given 
below 

• Preliminary Economic Analysis Activities . .Table 4.5-3 


• Process Design Inputs Table 4.5-4 

• Base Case Conditions Tab^e 4,5-5 

• Raw Material Cost. Table 4.5-0 

• Utility Cost .Table 4,5-7 

• Major Process Equipment Coat .Table 4.5-8 

• Production Labor Coat labia 4.5-0 

• Plant Investment Table 4.5-10 

• Total Product Cost ....Table 4.5-11 
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TABLB 4.5-1 


lEBTIHATlOH OF PRODUCT COST FOR BCL PROCESS - CASE 0 


Coat Coat 

$/Kg of Silicon $-0(0 of Silicon 
(1975 dollara) (19H0 doUara) 

1, Direct Manufacturing Coat (Direct Coata) 4.94 

Raw M^itariala 

Dlract tparatlng ’’.abor 

UtiUtiaa 

Suporviaion and clurical 
Maintenance and Rapaira 
Operating Suppliea 
Laboreitory Charge 

2, Indirect Manufactuing Coat (Fixed Coat) ) . 1.’ l.Ut' 

Depreciation 
Local Taxes 
Insurance 

3, Plant Overhead • ■ •»<'' 

4 , General Expensoa 1 . i 1 • 14 

Administration 
Diatribution and Salsa 
Research and liovelopment 


5. Product Coat Without Profit..... 7.91 
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TABLB 


COST AND PROFITABn-ITY ANALYSIS SUMMAJIY FOR BCL PROCKSS- CASt; B 


1. Procasa 

2. Plant Siaa 

3. Plant Product... 

4. Product Form. . . . 

5. Plant invaatnwnt 


..BCL Proceas - c'aa** B 
. .1/000 Metric Tone/yaa: 

. .Si 1 icon 

. .Sillcun Ci.inuleu 
. .$11/ 7*50, 000 000 

(1975 dollaral (1980 dollara' 


Fixed Capital $lo.2SMag» $M.’!J*ega 

Working Capital $ 1 . b4H»ga g ; , i i/Meqg 

(IS*) Total $]l.7QM9ga Sii^ Si)M*g« 

(1975 dollars) (19BC dcliar*' 

6. Return on Original Investinant, after taxes (*ROI) 

Sales Price Salas Pru*e 

S/Kg of Silicon $/Kg of biliccr. 

(1975 d ollars) ( 19 BO dollars' 


0% ROI ^ 'I i i 

5* ROI . l.’.i'C- 

10% ROI U ) ) 

15* ROI. I I . lt> 1 

20* ROI . . I 1 . ' 

25% ROI M <7 :n, V I 

10* ROI U «!(' .’0 . i 

40* BOl 


7. Discounted casu Klow Rata of Return, after taxes (* pcr^ 

Sales Price Sales Price 

$/Kq of Silicon S/Kg of 

(19 75 dollars) (1/^0 '.io i>' 


0* DCF . 

DCF. r.’.o^ 

10* DCF ■’ n 14 

lb* DCF 'Ll. l l.l( 

20* DCF ii - ' ' . ’ 

2b% ^>0F .... .12. 04 Jc i'<‘, 

IP* ter ... 1 ' - lU itC 'V 

40% TX^ ..... '.'..0/ :.l . . 


Based on 10 year project Ufa and 10 year straight 
line depreciation. 


H. T.iX K.Ut> (Vodt'i.iL) 
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TABLE 4.5-3 


ECONOfCC ANALYSES: 

' EYTNOMIC ANALYSIS ACTLVITIES FOP BCL PBOCESS-CASE B 



Pr-^cess Design inpa’s • 

1. F^’- Material Feg-iire?Ter. ts i 

2. Lerlity Fjtiquir-ifffc:'.*:? t 

j. . Lquapmen*: List • 

-i. ^aror Fjequirerer ts • 

Liecify Base Case Lor' ' it it; i 1 

Base Tear for It ; ts * 

Appropriate Ir. fl 
PiditiDral i 


.atar..ai Losti 
jase ..osr: lb. cf ■'ctenii 
j " f . r ’ 
r . ta I 


9 

9 

9 

9 


?fc ^tst for Lit. L.ixii, 
- it '-.st/i-g i . lit: 
tal . ;s ^ /Kg c j.iicx».T 


» 

t. 

f 

9 


5. Mag or Process Etjui-pnett Cost. * 

1, I dividuai Equipinerit Cost • 

2. Cost Indei. Adjustment 9 


Prel. Process Etor.oru.c A-tivity 


- ■ atus 


Product lor _actr Costs 
1. Base Cost Per Man Hour 
CoSt/Kg Silicon Per Area 
1. Cttal Ccst,>3tg Silicor 

Ls -i.-itttion of Plant Investment 
1. atter/ LiBiits Direct Costs 
1. -ther Direct Costs 
J-- direct Costs 
4. -tgency 

3 T'tal Plant Investment 
t d Capital) 

B- - tf Total Product Cost 

1. i ;>r t Manufact’iring Cost 

:ir;ct Manufacturing Cost 
1. ^.ar.t Lvernead 
4. j- -• iduct Credit 
Ce lera. Expenses 
"c ta . Cost of Product 


-• Plan 

9 In Progress 
• Ctw 5 >lete 



TABLB 4.S-4 


PROCESS DESIGN INPUTS FOR 
Ba. PROCESS - CASK H 


1. Raw Mat«ri«l Requiremant* 

“Silicon tetr&chloirida, sane, lima, argon and nitrogen 
“soa table for "Raw Material Coat" 

2, utility 

-elactrlclty, staam, cooling water and process water 
-asQ table for "Utility Coat" 

3. Equipment List 

-70 plus pieces ot major procosa equipment 
-process vsnsels, lieat axchangers, reactor, etc. 

4, Labor Requiretnants 

-pr>iductlon labor far purification, deposition, electrolysis, etc. 
-see table for "Production Labor Cost" 
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TAQLE 4.5-5 

BASE CASE CONDITION FOR BCD PROCESS- CASE B 


1. Capital Equipment 

-January 1975 Coat Index for Capital Equipment Coat 
"January 1975 Coat Index Value ■ 430 

2. Utilities 

-Elertrlcal, steam, Cooling Water, Nitrogen 
-January 1975 Cost Index CU. S. Dept. Labor) 

-Values determined by literature search and summarized in cost 
standardization work 

1. Raw Material Cost 

-Chemical Marketing Reporter 
-January 1975 Value 

-Raw Material Cost Index for Industrial Chemicals 
-1975 Cost Index Value ■ 20fi.9 (tvholeaale Price Index, Producer 
Price indejh i 

4. Labor Cost 

-Average for Chemical PetroJoum, Coal and Allied Industries (1975) 
-Skilled $6.90/hr 

5. Update to 19H0 

-liistorically cited 1975 dollars (LSA project) 

-DOE decision to change to 1980 dollars (JPL, 6/22/79) 

-reports to reflect both 1975 and 1980 dollars (JPL, 6/22/79) 
-inflation factor of 1.4 to be used {JPL, 6/22/79) 
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Tablf <J.5-6 


ruVW MATEKTAI, COST FOR BCL PROCESS-CASE 0 



Raw Material 

Requirement 
Ib/KO of Si 

$/lb of 
Material 

Coat $/KG 
of St 

1. 

Silicon Trtrvichloride 
(SiCl^) 

1^.&8 

0.135 

2.117 

2. 

Fine (Zn) 

0.54 

0. 3H 

0.20S 

1. 

[lydratf 

(CaCon)_,) 


0.015 

0.04.1 

A. 

Aruon (Ar) 

1.1 SCF 

O.Olh/SCF 

0.050 


NitrocuMi (N_>) 

7.0 S 'J 

0.001/SCF 





Sub Total 

,\4 IH 

(' . 

ciilorino (Cl,) 

a ' 

- i0.4n* 

0.0 >32 

-0. 147 




TOTAL 

2.001 {1975 dollars) 


X 1 • 4 inflation 

*2.^27 (IciSO dolJara) 


NoU 


1, 'l’!us numJu’t is tin' n-snlt of by-pioduct rdto minus ruaotor chlorination rate, 
i,f., 11.1.’ - I'.M, i:., of C'bi/KO Si. 
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Tflbl®4. 5-7 

UTILITY COST FOR 0CL PROCESS -CASE B 




Requirement/KG 

Cost of 

Cost $/KG 


UtUity 

of silicon 

Utility 

of Silicon 

T 

J. « 

Electricity 

30.92 KW-HR 

0.0324 $/KW-HR 

I.OOIB 

2 . 

Steam 

9.67 pounds 

1.35 S/Mlb 

0.0131 

3. 

Cooling Water 

37.08 Gallons 

0.09 $/Mgal 

0.0034 

4. 

Process Water 

24.20 Gallons 

0.405 $/Mgal 

0.0098 

5. 

Refrigerant 

2.38 MBtu 

10.50 $/MMBtu 

0.0250 




TOTAL 

1.0531 (1975 dollars) 
X 1.4 inflation 
1.4743“ (1980 dollars) 
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TABLE 4.5-8 


1 . 

2. 

3 . 

4 . 

5 . 

6 . 
7 . 
a. 
9 . 

10 . 

11 . 

12 . 

13 . 

14 . 

15 . 

16 . 

17 . 

18 . 

19 . 

20 . 
20a ■ 
20b. 
21 . 
22 . 
23 . 


ESTIMATED COST OF MAJOR PROCESS EQUIPMENT FOR DCL PROCESS-CASE B 


Hqult'nt<!nt 

(D-01) l.iqht End Distillation Column 
tD-02) Heavy End Distillation Column 
(A-Ol) rrimary SlCl 4 Vent Sc. ubbsr 
(A-02) El I', ill Vrnt Scrubber 

(H-01) L. !■:. Culutnn Feed Heater 

{H-02) L. K. .V''.unin Reboiler 

(H-Oi) I.. V. rnlumn Condenser 

(H-04) H. E. Column Feed Heater 

(H-05) H. F. Column Hoboiler 

(H-06) H. K. t'olumn Condenser 

(H'O'M Sici.j Vent Condenser 
(H-OH) i'.it'l.; Vaj^mi i?:er 
(H-OU) KiMo'.oi Condensers (2) 

Kea 'tii ’nCl^t Strippers (2) 
(H-11) sicl.i Coiidenser 
(H-12) o'el 1 '.'lu.'l ' .Stripi’cr 
(H-M) ViU 'lol Cooler (Cold Circuit) 

(H-14) Tin" nmol Coolin' (Hot Circuit) 
(H- r^l ;’t n; ^ ■ np He.it ei 
(ii~ln) Cili I’ll PrcKluot Ccx>lers (2) 

(H- 1 ') l'HI . iiii.it ion v'oo .er 

(H - 1 81 'o 1 ' o.is \'o If'j 

iT-oi) u I .Htoraqe Tank 

iT-0.' I ineraenoy Storaqe Tank 

(T-0 M 1 . ' r.'iumn Reflux Drum 
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TABU 4.5-P (ContJnuad) 


24 , 

1 

2 

Surqs Tan)t 


19.0 

35. 

(T-05) 

8 uctp T«n)t 


19.0 

26. 

(T-06) 

H. E. Column Raflux Dtuiu 


6.7 

27. 

(T-07) 

Pure SICI 4 Storage Tank 


38.8 

28. 

(T-08) 

Electrolysis Feed Tank 


46.0 

29. 

CT-09) 

Molten 7,inc Storage Tank 


B6.9 

30. 

(T- 10 ) 

Therminol Head Tank 


3.8 

31. 

CT-11) 

Therminol Drain novm Tank 


5.3 

32. 

(T- 12 J 

Chlorine Supply Tank 


2.4 

33. 

(T-13) 

Lime Solution Storage Tank 


6.8 

34. 

CP-Oi) 

Purification Feed Pump 


3.7 

35. 

(P-02) 

L. E. Column Feed Pump 


3.4 

36. 

lP-03) 

L. E. Column Reflux Pemr 


8.4 

37. 

(P-04) 

Surge Tank Pump 


9.8 

38. 

(P-05) 

Sump Pump 


3.7 

39. 

(P-06) 

L. E. Column Bottom Pump 


12.0 

40. 

(P-07) 

H. E. Col *mn Reflux Pump 


Q.4 

41. 

CP-08) 

H. E. Column Pettom Pump 


10.9 

42. 

(P-09) 

SiCl 4 Vaporizer Feed Pump 


4.8 

43. 

(P-10) 

Heartoi Condenser Circulatio:. ^umpa (2) 


10.9 

44 . 

(P-11) 

Cold Circuit Pump 


6.7 

45. 

(P-12) 

Hot Circuit Pump 


13.9 

46. 

(P-13) 

Pi imarv Scrubber Recirculation Pump 


0.9 

47. 

(P-14) 

Primary scrubber Lower-loop Recirculation 

Pump 

1.4 

48. 

(P-15) 

Primary Scrubber Upper-loop Recirculation 

Pump 

1.5 

49. 

CP-16) 

Lime Solution Metering Pump 


1.4 
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T^BIiIE A , 5-8 (Continued) 


50. 

(r-01) 

L. B. Column Fsad Flltsr 

51. 

(P-02) 

L. E. Column Rsflux Filtar 

52, 

(F-03) 

H. B. Column Faad Filtar 

53. 

1 

o 

H. E. Column Roflux Filter 

54. 

fP-05) 

Tharminol Cooler Blower Filter 

55. 

(R-011 

Fludized Bed Reactors 

56. 

(PN-01) 

Furnaces 

57, 

(B-Ol) 

Beed Addition Hoppers 

5fl. 

(B-02) 

Si Pri-Kiuct Hoppers (4) 

59. 

(U-03) 

Zinc Hopper 

60. 

(C-01) 

Therminol Cooler Blower 

61. 

(C-02) 

Scrubber Vent Blower 

62. 

(E'«01) Eductors (2) 

63, 

(EC-011 

Electtolysl/? Culls (2) 

64. 

(PW-01) 

Power Supply and Bus 

65. 

(VP-01) 

Zinc Vaporizers 


0.9 

0.9 

0.9 

0.9 

0.7 

149.4 

288.5 

7.3 
14,4 

2.4 
4.B 

5.4 
1.3 

286.5 
105.9 
109.1 

TOTAL 1,790.7 (1975 dollars) 

X 1,4 i nflation 

2,507.0 tl980 dollars) 
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TAB’ 4.5-9 

PRODUCTION LABOT COST FOR BCL PROCESS-CASB B 



Section 

Labor 

Man-Hr/Kg Si 

1. 

Purif Icatt 5n 

0.01403 

2. 

Dopoal t ion 

0.01402 

3. 

Electrolyel* 

0.02103 

4. 

Waeto Treatment 

0.00701 

5. 

Product Handling 

0.00701 


Labor Cost 

Coat 


I/Mat i-Hr 

S/Kg SI 

e.9f 

0.0968 


6.9f 

0.0968 


6.90 

(J.1451 


6.90 

0.0484 


6.90 

0.0484 


TOTAL 

0.435S 

(1975 dollara) 


K 1.4 

inflation 


0.6097 

{1980 dollara) 


Note: Costs are 1975 Dollars 
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TABLS 4.5-10 


ESTIMATION OF PLANl INVESTMENT FOR BCL PROCESS-CASE B 


Invaitmcnt 

$1000 


1. DIRECT PLANT INVESTMENT COSTS 

1. M*jor ProceaH Rqulpiimnt Colt 1,790.7 

2. jri£.ti»Uat<on of Major Procaii Equipmant 770.0 

3. Proceaa Piplno, Initallad 1,325.1 

4. Initrunentation, Installad 340.2 

5. Electrical, Installed 179.1 

6. Process Buildinas, Initallid 179.1 

la. SUBTOTAL FOR DIRECT PLANT INVESTMENT COSTS 4,5S4.2 

(PRIMARILY I ATTKRY LIMIT FACILITIES) 

2. OTHER niRFOT PI ANT INVESTMENT COSTS 

1. Utilities, Installed 859.5 

2. General Service, Site Development, 214.9 

Fire Protect ion, etc, 

3. General Buildings, Office*, Shops, etc. 250.7 

4. Receiving, Shipping Facilities 376.1 

2a. SUBTOTAL FOR OTHER DIRECT PLANT INVESTMENT COSTS 1,701.2 


(PRIMARILY f)FFSlTE FACILITIES OUTSIDE BATTERY LIMITS) 


3. TOTAL DIREcr PIANT IN’/ESTMKNT COST, la + 2a 6,285.4 

4. indirect riJVNT INVESTMENT COSTS 

1. Engineering, overhead, etc, 984.9 

2. Norm.iL cont . for Floode, Stri)ces, etc, 1,271.4 

4a. TOTAL INDIRECT MANX INVESTMENT COST 2,256.3 

5. TOTAL UliiECT AND INDIRECT PLANT INVESTMENT COST, 8,541.6 
3 + 4a 


6. 0VERM,L CONTINGENCY, * of 5 


1,708.3 


7. FIXED CAr-iTAL INVESTMENT FOR PLANT, 5 + 6 10,250.0 (1975 dollars) 

X 1.4 inflation 
14,350.0 (1980 dollars) 
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4*1«U 


m wmi mm wm urn mus(sam ^ @%«a ^ 




l, Diimot Miuiu£ft 8 turln 9 Ce«t (Qirt^ 



1, 

Haw Mai^riala 

2t031 


2. 

Diraet Cgp«rat5.ng laJsor 

0,43S 


3. 

Utilltlaa 

1.003 


4. 

tuporviaion and Clarioal 

O.OS0 


S. 

Hainl^nanea and Bapair;i 

1.030 



Oparating •uppXits 

0.300 


7. 

Lid^oratory Charts 

0.000 

2, 

Xndlxaet Manav Caoturing (Pixad Chargit) 



1, 

Dapraolation 

1.033 


3, 

Local Taxat 

O.S05 


3, 

Inauranca 

0,103 

3. 

Plant Ovarhaad 

o.ftoe 

4. 

By-Product Cradit 


4a. 

Total Manufacturing Coat, 1 + 2 + 3 + 4 

f .881 

S. 

Sanarul Sxpanaaa 



1. 

Admin 1st rat ion 

0.413 


3. 

Diatri]0utlon and Salas 

0.413 


3. 

Rasaarch and Davalopmant 

0.206 


6. Total Coat of Product, 4a + 5 7.913 {1973 dollars) 

X 1| 4 inflation 
n.078 (1930 dollars) 
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4.0 "DCS Proomwm (Dlchloro«lliima) 


Tba acoconlc analyaxs activity Involvas t no*t analyaia of 
thci DCS procass - Case A to ^‘rodtice dlchloroallana wblcb la 
involved in the Hemlocit Si^nironductor Corporation program for:: 
polyeillcon. 

'The coet analyela for che particular tecnnology la baaad 
on proceea deaign rcaulte, auch aa raqulreroentF ior raw mata- 
riala and major proceaa equipment neceaatory to produce the 
product from the chemical engineering analyaia activity. 

Primary reeulta issuing from the econc»nlc analyaia include 
folant capital Investment and ptoduct cost which are useful 
In the analysis of polysillcon production from dlchOoroailan®. 

The cost analyeis result for the DCS process CCaaa A) are 
presented In Table 4.6-1 including costs for raw raaterlala, 
labor, UL-lities and other items composing the product cost 
(tota, cost of producing silicon). The tabulation summarises 
all of these items to give a total product cost without profit of 
$1.19 per kg of DCS (1980 dollars). This product cost without 
profit includes direct manufacturing cost, indirect manufactu- 
ring cost, plant overhead and general expenses. 

The product cost r''presents all cost associated with pro- 
ducing 1 kg of DCS. On tjp of these couts a prc xuclng company 
will Include some profit. The sales price of the product eilicon 
will actually be the sum of the product cost and a profit for 
the company. The profit la usually measured in terms of rate 
of return on the capital Investment that the company spent in 
going into the DCS business. Two profitability methods which 
are commonly used are the return on original investment (per 
cent ROT) and discounted cash flow rate of return (per cent 
DCF). 

The cost and profitability analysis summary for this process 
are presented in Table 4.0-^ The sales price of dichlorosilane 
at various rates of return for both profitability methods (per 
cent ROI and DCF) is shown In the lower half of the table. The 
results indicate a sales price of $1.47 per kg (1080 dollars) 
at 15 per cent DCF rate of return on investment. 

These cost and profitability res .Its for the DCS process will 
help the analysis of polysilicon production from dichlorosilane. 

The detailed results for the econoral nalysla are presented 
In a tabular format to maae it easier to locate cost items of 
specific interest. The guide fo>' the tabular format is given 
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bdlow: 


• PrallminwL'y Bosaeini© Analysis Aatlviti©©, , ,!PAble 4i0«S 

• Pi*oo(f8s Oesieftt Inputs ,'Iabl® 4,®«4 

‘ ias® Gas® aon^itions, . ^abl® 4.®-6 

• Eftw Mat ©trial Goat, .fabl® 4,©«® 

• ^tiUtiy dost, Tabl® 4. @*7 

• Majot Pfooeaa Btuipwsbt Goat Tabl©4.S-8 

• ProUuotlon babot dost ,Tabl®4.6«9 

• Plant Invoatraant Tabl® 4 , ®«10 

’ Total Produat Coat .Tabl® 4.S-11 


Tlia ooonomio analysis providos detailed ooat data fot raw, 
materials, utilities, labor and mador proaess ©fuipment wbioh 
are neoessary for polysilioon production. 
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•mim 4 . 6-1 


bs®xmao?ion op peoooct COSO? iron dcs paoa»a 


Cost 

$/Kg Og J3C1 

(lg7§ flglXft:gg) 


I, Dijfsot Mnnufftoturing Cost (Dieoat Coats) ..... . 0.6S35 

Raw Msfearials 

Ditfeot Operating Labor 

tJfeilitias 

supervision and Clerioal 
Mainfeenanoe and Repair's 
operating supplies 
Laboratory Charge 


2, indireot Manufaotuing Coat (Fixed Cost) 0.0735 

Daproaiation 
Local Taxes 
Xnsurnnaa 

3, Plant Overhead 0.0355 

4 , General Expenses. 0.1205 

Adwiniatration 
Distribution and Sales 
Research and Devslopmant 


5, Product Cost Without Profit 0.9230 


Cost 

$/Kg of DCS 
(laSO doUftgi) 

0.9709 


0.1029 

0.0<197 

0.1687 


1,2922 
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TAQIi® 


COS'!? Al^D PltoPIfWJiWTV ANMiYSXS SUMMARY POft SCS PROOI^ 


1 • P£OddS8 

3 , PlsuU • dioliXevoAiXand 

4 , pjfodUQli f Q*m. g g 

5, plaftb invo$biMinb. . e.sfi x lo® / r,oo x lo® 

{1975 doUairs) (i990 doUaiJB) 


Fixed Oapibai 
Wojfking Gapitai 
(iS%) tofeai 


S.S3 Mega 
0 ■ ssjiftga 
5.3® BegA 
(1975 dollauB) 


7,74 Bege 
. .1.16-Hega. 

8.90 Mega 
(1900 dgllaire) 




Rabupn on Original Inveefemenfe, affear feaxes (%R0i) 


Sales PrioQ 
$/Kg of DCS 
(1075 dollar a) 


Sales FriQe 
$/Kg of dgs 
( 19BQ dollars) 


7. 


0% SOI 

.. 0,92 

1.29 

5% SOI........... 

0.98 

1.38 

10% SOI 

1.04 

1.46 

15% SOI, 

1.10 

1.55 

20% SOI. 

St X • 

1.63 

25% SOI 

1.22 

1.71 

30% SOI 

1.28 

3.80 

40% SOI 

1.40 

1.97 

1 Cash Flow Rate of 

Return, after taxes 

(% DCF) 


Sales Prioe 

Sales Price 


$/Kg of DCS 

$/Kg of DCS 


(1975 dollar a) 

(1900 dollars) 

0% DCF. 

.. 0.92 

1.29 

S% DCF 

0.96 

1.35 

10% DCF 

.. 1.00 

1.41 

15% DCF 

.. 1.05 

1.47 

20% DCF 

.. 1.10 

1.54 

25% DCF 

.. 1.15 

1.61 

30% OOP 

1.20 

1.69 

40% DCF 

.. 1.32 

1.04 


Based on 10 year project life and 10 year straight 
line depreciation. 
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TftBIS 4.6-3 


ECXMOHXC AMAUrSESt 

PRELIMINAt^Y ECONOMIC AHAl-ISIS ACTIVITIES FOR DCS PHn n^ s 


Prel. Process £ct^-~.Tnic Activity Status 


1, Process Design Ir.p jts # 

1. Raw Material Bequireaer ts t 

2. Jtiiity Requireaents • 

I. Equipment List • 

4. Labor Requixeoients t 

Specify Base Care Jcnditicr.s • 

1. Base ’/ear foi Costs « 

2. Appropriate I. dioes for Costs i 

2. Additic-al • 


tn 


Paw ’iatariail Costs 
1. Base Cost/tb of Material 
. Malarial Cost/ '■^g of 3i _icor, 
1. Total Cost/K^ cf ii.-ccr. 


i 

« 


4. ‘:*'llity Costs 1 

X. aase Cost for Each Uti.ity * 

2. 'Jtiiitc Cost/'*-'! of Sii^cxjn t 

3. rotai lost/ICg of Silicon i 


5. MajOr r-rocess Equipnsnt Costs 0 

1. Individual Equipment Cost • 

2. Cost Index Adjustment t 


Prel, Process EcofcOMic A^tAwity 


6. Production L^>or Costs t 

1. Base Cost Per Men Hour • 

2. Cost/Kg Silicon Per Area t 

3. Total Cost/Kg Silicon S 

7. Sstmtion of Plant Inwestaant 

1. Battery ijLnits Direct Cocts 

2. Other Direct Oasts # 

3. Indirect Costs s 

^ . Contingeacy • 

5. Total Plant Inssstmant f 

(Fined Coital) 

a. E;t-natian of Total Product Cost • 

1. Direct Hanufaetnring Cost • 

2. Indirect Moinfacturing Oast • 

2. Plant Overhead 9 

•i. Bi' -Product Cnedlt f 

2. ^aeral Eagenaee # 

6. Total cost of Product t 


0 

9 

« 


Plan 

In Progress 
Complete 
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^tABLBS 

PR0CB8B D5S10N tHPUTS FOR DCS FROUBSS 


1. Raw Matairlal RiiqulS’amanUs 

-iilioon tati’aelUoridt r ainoi lim«, eucsfon and nlbrogon 
-««9 tobl® fo3C "Row Matfluriol Coat" 

2 . utility 

-•l«ctricifey, «baa». cooling watar and F3 ?os»*b watai? 

-taa tabl® Son "Uti ity Goat" 

3. Bqulpmsnt List 

-proooBs vaatals, haat axahangars, raaotors, aUo. 
talsl# for "Major Froetaaa Kquipmant Cost" 

4 . Labor Raqulramcnts 

-production labor for purification, daposition, alaobrolysis , ate. 
-too tftbla for "Produotion Labor Cost" 
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TA01.S 4.S-5 

BASIS CASS CONOX7XON ?0a DC» PROOUSS 


1. Capital aqvdpmsnt; 

•January i97S Coat: indsx eor CapitaX Bguipmnnt coat 
-January 1975 Coat Indax VaXua »* 430 

2. UtlXltlaa 

-BlaotrioaX, Staaw/ Cooling Watar, Nitrogen 
-January X975 Coat Index {0. S. Dept, Labor) 

-VaXuaa datorniinad by litarabure saiiroh and aummarisod in coat 
standardisation work 

3. Saw Matarial Cost 

-Charaieal Marketing Reporter 
-January X975 value 

-Raw Material Cost Index for Industrial Chemicals 
-I97S Coat Index Value ■ 206.9 (Wholesale Price Index, Producer 
Price Index) 

4 . Labor Cost 

-Average for Chemical Petroleum, Coal and Allied Industries (1975) 
-Skilled S6. 90/hr 

5. Update to 1980 

-historically cited 1973 dollars (LSA project) 

-DOE decision to change to 1980 dollars (JPL, 6/22/79) 

-reports to ireflect both 1975 and 1980 dollars (JPL, 6/22/79) 
-inflation factor of 1.4 to be used (JPL, 6/22/79) 
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RAW 

Raw 

X. M.G. aiXloon (SI) 

3. siXioon TatrashXorlda 
(SiCl^/ raalt«-up) 

3. Liqui<X Hydtogan 

4. coppair Cfttalyst (cu) 

3. Hydrata Lima 
(CflCOH)^) 


TSBMl 4 , 6^ 

-6 



MATERIAL COST K>R DCS 

RROCDSS 



Raquiratnorit 
DjAfl of 00.3 

$/ib of 

Cost $/T«g 

of DCS 

0.343 

0.53S 

0.1862 


X.987 

0.135 

0.2682 


0.043 

1.84 

0 . 0883 


0.003 

0.922 

0,0046 


0.236 

0.015 

TOTAL 

0.0036 

0.S509 
X 1.4 
0.77X3 

(1973 dollars) 
inflation 
(1980 dollars) 
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T?i\Bias ^ is«7 


O'jJiXiiTvr cos® KiB ocas psocsas 



Utility 

RaquiramanttA® 
oi B«2i 

Coat o£ 
Utility 

coat lAg 
o f DCi 

X. 

BlAotrlolty 

0,337 KW HR 

0,0324$/kw hr 

0.01093 

3. 

atMtn 

13.81 lb 

1.33§/Mlb 

0,01730 

3. 

Cooling watar 

33. SI gal 

O.O0$/M gal 

0,00309 

4. 

procaat watar 

0.301 gal 

0.40S$/M gal 

0.00012 

5. 

Fual Oil 

0.00473 MM Btu 

1,40$/MM Btn 

0.00333 




TOTAL 

0.04005 {1973 dollara) 
1.4 inflation 
0 , 6336 ^ (1980 dollara) 
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TABLB 4,6-5 


PUBCHASBD GOS‘r OP MAJOB PR0G1S6 BQ01PMT 
fOB DCS PBOGPBS 



PurabftiSed 



1. 

E-01 Hydroalilorlnation 
Eo actor 

81.9 

2. 

R-02 TCS Rsdistribution 
Rdaotor 

14.0 

3. 

E-03 Wast Nisutraliaer 

15.7 

4. 

R-Q4 Wast« Combustor 

8,0 

6. 

D-01 Crud® TCS 
Stripping Column 

5.40 

6. 

D-02 TCS/STC 
DiPtillation Column 

40.41 

7. 

D-03 DCS/TCS 
Distillation Column 

94.43 

8. 

D-04 DCS 

Distillation Column 

41 . 22 

9. 

B-01 Silicon Storaga 
Bin with Fsad Lock 

18.0 

10. 

T-01 Rosiduo Settling 
Tank 

55.8 

11. 

T-02 Residu® Withdraw 
Tank 

4.0 

12. 

T-03 Hydrogen Separation 
Tank 

7.9 

13 . 

T-04 Crude TCS Storage 
Tank 

7,6 

14, 

T-05 TCS Stripper 
Reflux Drum 

0.8 

15. 

T-06 TCS/STC Distillation 
Reflux Drum 

4.5 
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TABLB 4 * 6-8 ( octttiDWOd) 


IS, 

T-07 STC Storag# Tank 

13.8 

17. 

T-08 DC8/TCS Di«tllla1:lon 
Baflux Drum 

6.9 

18. 

T-09 DCS Diatillation 
Baflux Dinim 

1,2 

19. 

T-10 DCS Storaga Tank (3) 

23.9 

20. 

T-11 Plua Qaa Saparation 
Tank 

0.8 

21. 

T-12 Lima Solution Pra- 
paration Tank 

0.9 

22 , 

T-13 ffaata Plltrata 
Storage Tank 

O.D 

23. 

H-OJ. Crude TCS Condanaar 

36.7 

24. 

H-02 Gas Prahaatar 

27.2 

26. 

H-03 STC Vaporizer 

64.6 

26. 

H-04 Stripper Condenser 

^ 1 0 

27. 

H-05 Stripper Reboiler 

3.6 

28. 

H-00 TCS Condenser 

63.4 

29. 

H-07 TCS/STC Reboilor 

17.7 

30. 

H-08 STC Heat Exchanger 

23.4 

31. 

H-00 DCS Condenser 

13.4 

32. 

H-10 DCS /TCS Reboilor 

14.7 

33. 

H-11 TCS Cooler 

7.2 

34. 

H-12 DCS Diet mat ion 
Overhead Condenser 

1.8 

35. 

H-13 DCS Distillation 

0.0 

30. 

H-14 Wasto Stream Cooler 

6.1 

37. 

H 35 STC Superheater 

20.7 

38. 

H-IG H_ Compressor 
Intercooler 

3.6 
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TABItl <1 , 6 «8 ( QO&t iKU»d ) 


89. 

G«01A Hydrogdn ffeisd 
Coittprsssor, First*^stag9 

26,0 

40 » 

C-OIB Hydrogan JTiad 
Comprafsor, 8aaond**staga 

26.0 

41. 

C-02 Hydrogan Glroulation 
Gomprassoi? 

16.4 

42. 

P-01 Fa ad Tank Blowar 

8.0 

43. 

P-02 eattling Tank 
Circulation Pump 

2.4 

44. 

P-04 TCS Raflux Pump 

2.7 

45. 

P-06 STC Faad Pump 

2.7 

46, 

P-06 DCS Raflux Pump 

1.0 

47. 

P-08 DCS Purification 
Disoharga Pump 

0.3 

48. 

P-00 DCS Pump 

6.9 

49 

P-10 Wasta Solution Pump 

0.6 

60. 

P-11 Lima Solution 
Circulation Pump 

0.6 

51. 

P-12 Prash Lime Solution 
Pump 

0.4 

62. 

F-01 Silicon Dust Filter 

1.6 

63. 

'’’-02 Waste Slurry Filter 

6.0 

64. 

S-01 Silicon Peed Cyclone 

1.4 

66 , 

E-01 Quench Contact Ejector 

1.3 

66. 

E-02 Flue Gas Ejector 

1.3 


891.6 (1976 dollars) 
X 1.4 inflation 
1,248.2 (1980 dollars) 
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L^a QQM ffoa aoa aaos^sa 


Ssgfejga 

liabenr 

msn»-<h^/l$fl EOS 

Xffthojc 

Coit 9/Kg 

Hya^8hl©i?inatii(5ii 

0» 001394 

S.90 

0.008929 

aur if i®» tion/E»iai«te ib« tirao 

0.001941 

0.90 

0.013393 

gT^natmant 

0.000047 

e.90 

0.QQ44S4 

O.OIf?S (1978 dellarf) 
K 1.4 inflation 
0.03781 (1980 dollars) 
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mBXiS 


iMTiMAnoN OP PI4 ANT por Dcg treat* 


Xnvftitunant 

nooo 


I, DIRBCT PMNT INVlitTMSMT COiTB 

1« MA^or trocAiv Cote S91.fi 

2. Inttuillatlon of Mojor Ptrocott t^uXpuwine 3S3.4 

'i '.'irooatt Piping, XnttnlXaS 659. S 

.'atbvumtnUation » Intt^dJad 169.4 

3. niaobirioAl, Initallud S9.3 

6, ti^oass Quildings, lateallAd 89.3 

la. lUfl'rOTM. POR DIRKCI’ PIANT IHV28TMRNT Coal'S 2,283.5 

CPRIMARIW BAin'BM UMltf PAClUCmit) 

3, OTOER UIRLCT I'liANt INVEETICR'l’ CCXJ'rS 

1. ueilltiat, Initallad 438.0 

2. Qtnaral Svirviooi, aits l>iv3loptnine, 107.0 

Plir« ProtX'CUion, otc, 

3. Gonsra.’ Building*, Offioot, Shopt, ntc. 124,8 

4. Racaivimj, Slitpplinjj Paullitloi 187. 2 

3a. SUBTCPAl, POR OTHER DIRBCT PIANT INVESTMENT COSTS 847.0 

(PRIMARILY OFP8ITE FACILITIES OUTSIDE BATTERY LIMITS) 

3. TOTAL UtUECT PLANT INVESTMENT COST, ia + la 3,129.5 

4. IHUIRiXT PLANT INVESTMENT COSTS 

1, Engxnatring, Ovarhaad, «jtc. 490.4 

2. Normal Cont. for Floods, Strikes, etc. 633.0 

4«. TOTAL IWDTRIiCT PLANT INVESTMENT COST 1,123,4 


5. TOTAL DIRECT AND INDIRECT PLANT INVESTMENT 
COST, 3 + 4a 

6. OVICRALL CONTINGENCY, % OP 5 

7. FIXED CAPITAL INVESTMENT POR PLANT, 5+6 

a. WORKING CAPITAL INVESTMENT FOR PLANT, % OP 6 
9. TOTAL PLANT INVESTMENT, 7+8 


4.252.9 

1.275.9 


5,528.8 (1976 dolla: 
X 1.4 inflation 
7,740.3 C19B0 doll.sj 
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m •mm. seat fm ses 


li ISirtab MimufscburiJi^ Cdiii; (]9i3Mic<t chiix<f«'«] 

It Bmt ttji&tiisiAlt » £:^Qm ;s^l. (3a«lpi 
3t Dirtai: Opr^AUn^r Mbsit? - tira}.. 4aei^ 
3t UtiiHibins » from p^tX. dssifin 
4 . aupsx^ision an4 CXitairlsAX 
3. MaintAimnos AniS r^pAlrs 
a. OpArablng tuppXiaft 

7, Itfliaosratory Chargs 

8. Iftiicntc tmd BoyaltlftR 

2. Xndlrsci* Manufaerburing Cost (PiKsd CHa^roesy 
X. O«p£«uletlon 

2 . ItOOfil Taxss 

3. Insutanoa 

3. Plant Ovarhaad 

A, By-Ptoduet Cradit - from pral. design 
4a, Total hlanufacturing cost, X + 2 + l 4 



0.S3XS 

0.02@a 

D.04DO 

0.0Q4C 

0.0383 

0.0113 

0.0040 


o.oses 

0.0113 

0.0057 

0.03SS 


0.8020 


5 . Gansral Bxpansas 

1, Administration 

2, oistributlon and Salas 

3, Rasaaroh and Davaloptnc'Tt 


0,0482 

0.0482 

0.0241 


6. Total Cost off Product , 4a + 5 


0.9230 (1975 dollars) 
X 1,4 inflation 
1.2922 (1980 dollars) 
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6. mmiArn • cokclusions 


Tha Tol lowing •unmary-oonolitiaioaa Ain» laiuir: m a rsaull; of 
aimlysoa conductad for new tachnologlaa and procaiaan l^alng 
davolopod for the production of lower coat ail Icon for aoliir 
OQlla: 


1, Analyaea of proeoaa ayatem propart iaa nra Importunt 
for oliamicAl matariala Involved Ln tha aavarnl procaaaaa 
under conaldaratlon for aamlconductor and aolar call grado 
allicon production. Ha.iur phyaical. tharmodyntualc and 
tranaport property data are report ad for the following 
ailicon aource and proceaalng chemical materlala 

• Silane 

• Silicon Tetrachloride 

• Trlchloroal lane 

• UlchloroHllane 

• Silicon Tetraf luorlde 

• Silicon 

The properly data are reported for critical temperature, 
critical proeauro, critical volume, vapor preaaure, heat 
of vaporization, heat capacity, denalty, aurface tenalon, 
viacoBlty, thermal conductivity, heat of formation and 
Olbb'a free energy of formation. The reported property 
data are preaontod aa a function of tomporaturo to pei*- 
mit rapid usage In roaearch, development and production 
engineering. 

2. Chemical eng"' net analyses involving the prelimi- 
nary process of a plant ( lOOOMT/yr capacity) to 

produce silicon via the techology under conalderation were 
accomplished for the following processes; 

• UCC Silane Process for Silicon 

• BCh Process for Silicon - Case A 

• BCL Process for Silicon - Case B 

• Convent onal Polysilicon Process (Siemen's Technology) 

• 811^ Decomposition Process 

• DCS^Process ( Dich loros 1 lane) 

Major activities in the chemical engineering analyses 
Inclvded base case conditions, reaction chemistry, pro- 
cet^H flowsheet, material b»laiM-,e, energy balance, property 
dafa. etniipment design, major equipment list, production 
labor and ivirward for Ttmiy^ls. The process 

deslpr par.Kage prov ulod di i .vl od tb»la Tor raw materials, 
utilities, major pro<*oKs oquipruent and production labor 
requirements necessary foi poUsllicon production in each 
process . 
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S. SooQomio aci£fLl7»9s fiCAtssipliMiiiiid for tliio following 
^i^ooosBtis undor eomtldorfbtion for tlio ^rodnotion of till» 
oon: 


• OCC 811 AO# Proo««« for 311 loon 

» BCL Proeooo for sn<ooR - Ciui» A 

* BCL Procooo for Si 1 toon «- Cam' » 

* Convont ton»l Polyaillron Procoiiii C81«»o»»nii Toohnology ) 

♦ 81 T. Docoapoaltlon Propoim 

• DCS'^Proooss ( D1 eh lox*oo llano} 

Primary aetlvltioo In th* ••Aopntnlr analyowo Involved pro- 
09OB dealgn inputs, hana confUitons, raw matorlal 

ccJOt« utility pootH, mnjnr procaFo '‘qulpnant oooto and 
production labor co«to in in# #Piln*Rtlon oi plant invoat- 
mont and total product pcfi 

4. Th# coa t analy»lo jt>au i»N 'or pr< <iui’ln(t all icon by 
tho UCC allano procoaa c Union Carbid# Corporation) ar« 
pr#»Rntwd Including coats for i aw trial ‘r1 a is , labor, utili- 
tiffs and other Iteire composing tho product coat {total 
cost of producing silicon) Th*‘ roHniiH indicate a total 

f roduct cost without pmfU .if *f? po (1975 dollnra) and 
£1.88 C10BO dollars) per kg. For profitability analyaia, 
the raaul'ts indicate a sale** price of $13 nsi- ]sg of ailicon 
(10SO dollars) at IS per cent DCF (discounted cash flow) 
rate of return on Investment. 

These coat and profitability results for the UCC allane 
process Indicate that this new technology for producing 
polyallicon shows good v^rorolse for meeting tho coat goal 
of $14 per kg oT silicon ’i”''orml (1980 dollars) for 
aolar cells. 

B. Tho cost analysis results for producing allicon by 
tho BCL process - Case A (Battelle Columbus Laboratories) 
are presented Including coets for raw matorlala, labor, 
utilities and other items composing the product coat 
(total coat of producing silicon). The reaulta indicate 
a total product cost without profit of $8.63 (1975 dollars) 
and $12.08 (1980 dollars) per kg. The profitability 
analysis results disclose a sales price of $13.28 per kg of 
silicon (1930 dollars) ai T> pi r rent DCF (discounted 
cash flt>w) rate of return on invent-wiont after taxes. 

Those cost and profltaM 1 Ity results for tho BCL pro- 
eeiis - Cane A indicate that ihifr new technology for pro- 
ducing polyslllcon Khows piv^miae tor nweting the coat goal 
of $i.4 per kg of silicon material (1080 dollars) for 
aolar cells. In Case A, the process involves two depo- 
sition reactors and six electrolysis cells. 

6 . Tl’U' cost analynls res-u’ts ^or producing silicon by 
the BCI. process - Case B iUhL telle Columbus Laboratories) 
are presented including c<*stQ for raw materials, labor, 
utilities and other Items composing the product cost 
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Ctoti&l oos'i: of pafoi^uolag slliooai). Tina raanlts flva % 
total px^oduet oo«t witixont profit of $?.B1 C1®?B dollaa*ss) 
and $11.07 (lffl'80 dollar*) par kg, Por prpIltaJslllty , 
tha analyai* indicataa a aaloa prlca of IIS. 14 pax* kg of 
ail^oon C1S180 dollara) at 10 par oamt SC? Cdiaoomtad 
aaalx flow) rata of ratura m In^^stmant. 

Tlxaaa coat and profitability raaulta for tb# BCL px^o*^ 
oaaa - Caao B ind.loat* that thla naw teohnology for 
px^oduclns polyalllcon ahowa promlaa for maatini tha ooat 
goal of $14 par kg of ail loon matarial (18S0 dollax'a) for 
aolax'* oalla, Xu C&aa B, the prooeaa contalna ona dapo>^ 
a it ion x'aaotor and two elactx*ulyala cella. 

?. Por tliB convantlonai poiyaillcon procaaa, tha ooat 
analyala la baaad on a poly plant conatx'uotad In tha 
1060'a (1066 or aarlier) aliice several exlatlng plants 
px*oducing aami conductor grade polysilloon in the United 
Itataa were conatructed In the 1000 'a. Tha operating 
coata for the plant are applicable to the time period 
of Intareat (auch aa 107S and 1080). 

The coat analyexe rosulie lor producing allicon by the 
conventional Siemens process are presented including 
coats for raw materiala, labor, utllitio* and other items 
composing the pi*oduct cost (total cost of producing silicon). 
The reeulta i facloeo total pi*oduct cost without profit 
of $35.53 - 41.20 (1076 dollars) and $40.73 - 57.81 (1980 
dollara) par kg. Tha range for product coat reflects low 
and high electrical coata (1.6-3p/kw hr for 1976 and S.l- 
4.2p/kw hr for 1080). 

The average product cost without profit is estimated 
at $38.41 (1075 dollars) and $53.77 (1080 dollars) per kg 
for the conventional polyslllcon process. This average 
product costs corresponds to intermediate electrical 
oostfc (3,36^/kw hr for X075 and 3.16(i/kw hr for 1080). 

These costs results for the conventional polysilicou 
process indicate that this Siemens technology using tri- 
chlorosilane for producing polysilicon does not show 
promise for meeting the cost goal of $14 per kg of sili- 
con material (1080 dollars) for solar cella, 

S. The cost analysis results for producing silicon by 
the SIX. decomposition procesB aro pi-wKented Including 
costa for raw materiala, labor, utilitias and other items 
compoi>iofr the product cost (total coat of producing sili- 
con). The result a give a t-'tal product cost without profit 
nf $41 f>4 (1075 dollars) himI $02. .50 (1980 dollars) per kg. 

The pn>I li atil 1 1 1’’ inJl 41“' a -ales price of $71.48 

per kg of silicon ^ d.il l ; at pur rent DCF (dis- 

counted cash flow) rate of r.'turn on Investment. 



Tb»sii ooct luid fov tht SIX^ t9« 

compositlcm px^ooAss indla&ts this msw t9oMol0i^ fox^ 
pmduolns pal|sniom doss not show prsmiss fmi* fflosUEg th;S 
oost goal of |14 psr kg of sill son {IStO doilEX^s) 

for solsr 09 Us. 

Q. Using a hot-wlro toohnlquo, oKpsrlmsntal g&s phs^ts 
thsmal oonduotivlty valuss wors dstomlaod botwon ;dB®C 
and SBO^C foi^ silloon sotiroo nmtsx'ials suoh as silano 
ajDd halogsnatod sllaass. Tho aoouraoy of th9 ^ainss W9x*9 
show to h« iS% by dotoi’mining valuos for argon and hydx’o- 
gon, oompounds whoso thomal conduct ivlty valuos havo boon 
previously dotarminsd. 

10. Ssporimaatal gas plmaa visoosTty values vvaro datar- 
minad for tha halogonatad slltmoe; diohloi'^osllana, tx*l» 
ohloi*osilano and tatrnf luoi^nnllane. Tlie values wai*a 
datorminad in tha totnporatui’o range 40®C to 200«C using 
a transp libation mathod, Nltrogan, a compound for which 
viscosity values are known, was used to calibrate the 
apparatus. The calibration studies showed that the values 
obtained wei’a accurate to thi'oughout the temperatui’e 
I’ange. 

IX. Studies were conducted to develop an efficient method 
for the generation of SiF from Uaxaflum-osiliclc acid, 
a readily available by-product of the phosphate fertiliser 
industry. This Included investigation of such parameters 
as conditions for precipitation of SiF. procui*sors (Na.SiF, 
and BaSiF ), temperature for thermal decomposition of ® 
the salts, heating time required and optimum flow rates. 
Precipitation of the salta, Na SiF or BaSiF. , with NaCl , 
NaF, BaCl., or BaF followed by thermal decomposition 
at temperatures above 800‘’C proved to be an efficient 
method for the generation of SiF^. 



Al.l @ilMl9 Pin»8««s - CiLsa A 


Ths ohsmio&l 9nSin99X*iag &!£&X?9i8 Qi iilMS9 Px*o« 

o9s« * C&st A Wmmm % |^9limin&^y 

PXM30(M8 dMiblX of & pXiml: to pl^XiOt 81X6.1X9 fOl* 8 iXi 00 Xl, 

T)X9 Slliuxo ?roo9as» Cast A Xiiralwa 88v«x*aX p:^o(KilnB^ 
opox'ationa of Ix^di'ogoaatioiii di«tlXX&tio» , x'otllstx^llmtion 
x^oaotlou, ttrlppimg &Qd iLb8ox*ptioi. ^flao prooosi fXoxmlxoot 
i8 8lxown in ?igmr« AX»1«^ . Tail flTOmlioot wr» ^'ooni^ad f^m 
dulon Ca^bldo. 

A *uiom&tlon of tho aaXiftnt f»&tur.*8 of Caio A !■ shown 
bolow: 


CASK A 


Prooass. .illano (Union Cax^bldo) 

Plant Sts®. .XS70 MXVyaax’ of f ilana 

Px'oofts* Flowsboot Original x^oooi-vod fx*om 

Union Cax'bid® 

Prooss* Chomiatry and Kquillbriiutt. .Prom Union Carbid® 
Intorm»dlat« Product Storag® Considorations. . .Eogulax^ 

Major Proooa« Kqulpmont .70 pi®o»s of procass 

aqulpfflont 


Tha datailad statu* alioat is shown in TaUl® AX.1-1, and 
is rapreaontativ® of tha various aubitams that tnaka up th® 
pi’olimlnary dasign activity, Th® rosults from tho proXimiuary 
procos* doalgn ai*® proaantad In a tabular fomat *itailnr to 
provioua do*ign x'osults for altornat® pX’oc®as®« to produca 
silicon. Not® that in this pi^ocass rasults aro por pound of 
silano vorsua othor procoasoa I'aprssontad as par kilogram of 
silicon. Th® ailana plant sisa assumas a 90% convarsion of 
all an® to all loon. 

The guide to tha tables for Caa® A la given below: 


Baae Case Conditloua Table Al.l-S 

Reaction Chemistry ...Table Al.1-3 

Raw Material Requiremant Table Al.1-4 

Utility Roquiremanta Table Al.1-6 

Major Proceaa Equipment ... Table Al.1-6 

Production Labor Eequiramants Table Al.1-7 
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case A 



Pigmre Al. i-i iPBocoss Sheet. Satr Silasse iPasGees®-eese A 

(Provided! BaitOB Oaii±)ij3ie3' 












ca^ A 


^ 1.^ rffiRWTiraT. EMGOiEBKEHS jaiALYS^r 

PHSKEMamSO? P$CC3^ BESIQ* JW3?I?I0!3:^ H3fR SHAMS EilOC^S - CSSSB A 


Pial., Process Dasi.qa jkjti.vx’t?' Statjis 

1. SgKscify Base Case OQO<3itiaas * 

1. Plant Size • 

2. Product specifics • 

3. Addttion-al Ocoditioos • 

2. Defiae H&action C^aaiistry • 

1. Eeactants, Products • 

2 , s^tiilibriaB • 

3. Process Flow UiagraBB • 

1. Flow Sequence, ttoit Cperatloos • 

2. Process Condi time (5, P, etc.) • 

3. EnviroEHoental • 

4. Conpany Interaction • 

CTectanology E Mciian ga) 

4. tJaterial Balance celcelations • 

1. Baw Materials • 

2 . ProdMcts * 

3 . By— Prodncts • 

5. Energy Balance Calcolations • 

1, Heating • 

2- Cooling * 

3. Additicsial * 

6. Property Data * 

1. Physical * 

2 . 'Ihennodynaflri.c • 

3. Additional * 


Prel, Ptocegas ^lesign 

7 . BgaipHigatt Dasiga Oal^SE&atS^iats 

1 . i^oEoage ^FeeseliS 

2. Obit tpeasatiocs BgoipBeCTt 

3:,. Process Bbsta '{P, rate, etas.)' 
4. Additional 


a. 


list ojE Itetjorr Proceed 


1 , s^ze 

2 . 

3 ,. 2taterials o£ OxsstrnEftiion. 


8a. 


£a jeer 'SSichmI.iCBl. Pbetoass 
{potential Psr^eleiKt Areas) 


1. afeBfceri.a.Ts 

2 . Process oonditioiiS' 3 ^iiid.tations 


3i. Ad^tlooal 


9 .. ProdaeictioB ia^air pbenfOir^aeEdss 

1. Proceas© ^Seelntoliogy 

2 . Prodnctiion IKacHiie 


30. Ptir^ard sSor Booaonic 


it: 

» 


* 


O Plan 

6 In ProgcBSS- 
t Ccx^ate 



IJftiB CA«B a»l0iK!?3lON8 FOR SEtaUlS h 


It Pl,tn& 

AXlQ» Fok X0% lx)«sat OF s43.oo« in {.^roiuoltion Of silicon 

- 1270 ffl*lario fccm«/y«aj; of tiiaa* 

«• aoia;? mil gsroj^o tiXlson 

2, l^yfljeogiittfttios Eoootion 

- M#tssJLlua?8i<m3. gs&&» iiliasa^ hi?8jrogsai, to pjsdyj^a tKiohiesrofiXano (5J<3f ) 

bydarop© shlorido mi»d iM siliooji t»ia?aablciJ?ia« (®|W 

Ooppiar otbftlysod 
Floidlsod bod 

- eao®Ci 30 psfia 

" IS.Bli oonvojroion of iiCl4 (tteioa Csarfsido flowtlioot) 

3« VC8 PodistrDaubicm Poaobion 

** TCB from hydro^fonauioa ptoduoos diohlorosiXano (DCS) 

- Catalytic rodiatribution of fCS wiuli feortiary amino ion oscahango rooin. 

- Liquid pliaafl* 30 VSIQ, 80 c, 

- convoraion a function of inlet aonoontration par Figure XIA«2 
(Union Carbide equilibrium) 

Convereion from pure TC3 feed i» about 10% to DCS (exair^le) 

4. DCS Redistribution Reaction 

- DCS produoae SiJL (silano) 

- Catalytio redia^ibution of DCS with tertiary amine ion exchange resin. 

- Gas phase 30-80°C 

- Conversion a function of inlet concentration per Figure IlA-l.l 
(Union Carbide equilibrium) 

- Conversion from pure DCa feed is about 14% to Silane (example) 

5 . pecyoles 

-> Unreacted chlorosilanes separated by distillation and recycled 

6. silane Purification 

- Chlorosilanes removed by absorption in "40^C SiCl^(Tet) 

- Trace contaminants removed by carbon adsorption 

7. Operating Ratio 

- Approximately 90% utilisation 

- Approximately 7880 hour/year production 

8. storage Considerations 

- Feed materials (two weeb supply) 

- ProducTt (two week supply) 

- prooess (several days) 
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1. 


WMM 


f a 



3 siei^ + Si + SEg 



2, 


2 sim3 -j: siEig©i| *t* siei^ 


3. DighXeggaiiana E9ai>ifei?i3a^jfei^E Bse^teim 

3 siBgCig asiueig + sia^ 


Notsa 

1. Raaotion 1 Product oontains ti^, SiCl^, SiFJCX^, SiHgGl^ (trace) f 
other trace cnlorides 

2. Reaction 2 Product oontnine SiHCl^f SiCl^, SiHgClg, SiH^Cl 

3. Reaction 3 Product oontains Sifl 2 Gl 2 f SillCi^, SiCl^, SiU^Clf SiEI^ 
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mu mmmL ssgDximNxs m sxtoiiis &^!)GnisB ^ 


1 . ^hyd£%:j)f litCl 
3. By<£^9PtQ 

3. C^mecblo (113%) 

4. M*d. iiXiem 


Ra^v^dirainsnu 



li339 

»3&a 

3*449 

i.U' 
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ua-s 


QfFSLiiw B9QaiaaDanm for tXL%^ mssatB ** a 






tlOK 




X, 31«9bri9Uy 

1, Ml FtQF iM oenprtuor 

»9'l»»rt (34) (»383) 


»3®l 


3. ttAitm 3f0 F«1 a 190 » 34 m 

1, II ntstlllAtien c^luam (0>0il) 

3* II nitbiUeiion Coluam Ittboiltr (31»1S} 

3. 13 PiitiUtttlew Col\xm «§JssiI«ar C®1.7?) 

4» 13 It»dltt?l]»utiJ3(n l^ftpbor Pr«iiMt»r (3i0 ) 


3. 13 Dliti.XU':ion OoXoiim Prch»At»jr 

6» 13 DisUU»:ton COluiien 

7. 14 DlablXlft't.x^n Coluffin R«boiX»r 

8* VlMti fr^fttSMiit 


3 , cool*.\o (10-130*P) 

1. #1 L'lcclllAtlon Colutsn Oem^OMr 
3. 13 DittiXlatlon Colutttn Condsnnr 


4. Prooatt Watar C90‘F} 
1 » Watta Traatuant 


3, Rafrlgarant (33*F) 

1. #4 Diatlllation C^Xunn Faad Tank 

8. Rafrlgaranu (5*F) 

X. 13 OlatXXXatlon CbXuncn Ovarhaad 
RacalvHr 


7. Rafrigarant {-7*F) 

1 . #4 DiatiXXation CoXviBm ovarhaad 

RaQalvai: 


8. Rafilffairant (-20*F) 

1. 13 Distillation Column Condansax 

2. 14 Distlllatlt»:x Column Condanaar 


(3,62) 
(3.39) 
( ,41) 
( ,11) 


188.12 gmlloni 

(146.13) 

(32.09) 


S,23 gallon* 

(8.33) 


37.1 BTO 

127.1) 

79.1 BTO 

(79.1) 


28.4 BTO 

(28.4) 


2303.2 BTU 

(2058.0) 

(245.2) 


CAig A 


TABLE Al.1-5 (ContinuBd) 


9. 

IUfrig«rant (-30“p) 



30788.0 

BTU 


1. 

TC8 Baactor PAcycla Cat Condanaar 

(30788.0) 




10. 

Rafrigarant <-40®P) 



280.6 

BTU 


1. 

#2 Radiattlbutlon Baaotor Con- 
danaata Raoalvar 

(192.2) 





2. 

S liana Product Storaga 

(88.4) 




11. 

Rafrigarant (-50*P) 



3503.2 

BTU 


1. 

#2 R&Jiatrlbutlon Raaotor Gas 
Condanaor 

(2986.0) 





2. 

Product Bllana Condanaar 

(137.9) 





3. 

Abaorbant Coolor 

(379.3) 




12. 

High Tan^atatura Haat (^xchatvjc 1 lutd 


10^) 

3.324 X 


1, 

TCS Haactor hacyc.' ■' (3a» Kautar 

(6.591 X 




2. 

HCl Vaporiaar 

(4.466 X 

102) 




3. 

Tat Vaporiaar 

(2.464 X 

10^) 




4. 

Ha» . Nitrogen to Ragnarato ..her. 
Adaorbara 

(70.95) 

103) 




5. 

TCS Reactor 

(1.491 X 



13, 

Nltrogan 



5.54 acp 


1. 

Regenerate Charcoal Adsorbers 

(5.54) 





BTU 
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c®SE a 


Ai.I-e 

UCST OP IGUKJR PBDC^IS 
BQOIPM^IT PQR SHaa® PBOCBSS “ CSSE A 



Type 

Foncticaa 

Doty 

CfeagSteag^^Bit 

1. 

(Tl) M.G. silf cea 

:Etew Material Stoorage 

2 weeks ^xccage 

1-363 X 10^ galLosjs 

€S 


StoKage Hcygp&c 





2, 

(T2) Hsd5x>geQ Stoasaigs 

Saw Material Storage 

8 faowars Ijaeise^ for 

9.1S1 X 3J0^ gaHoQs 

cs 


*tenk 


pipeline failxEce 

25G' P63A. is^jfaegstjoie^ 


3 . 

(T3) IdxpiM 2C3L 

Baw Material Storage 

2 weeks stsona^ 

1.612 X ige^'-Jhmm 

Mi«30^ 6^ 


St^osage TAoik 



2m psax. -piPy 






'(gjpfeeirfewl) 


4. 

(T4) Recycle 5BT 

Bor TGS Beebctcsr Baed 

2 d£^ stOEL-age 

1-965 X •gedJens 



Stoi.age 



€5 


5 , 

(tS) ®CS Eeactxor Off- 

ifiase SefieratiGsa 


1 ^ 

13 


Gas Fla^ TIftTtk 



isios, '6© 






65 3PS1A 


6. 

(T6J TCS/3JBT &txieraigfe 

Feed Oietillatcaa 

2 Da^s bold-^^ 

1.^966 X giBlSitaBe 

& 



Colccm f 1 


m P 3 SA 


7 . 

CT7) #1 Distina.t’.lm 

Seflitx feed; ooloBaL 

28 lIioldr-fC» 

4JBB X ^smsas 

m 


Colmna Cond8Et5a±« 

Ocnatix)! 


65 xsm 



Acooaretlafes: 





8. 

#1 RadlstraJbafcjjDii 

add-cp feed 

2 ds^s ikidd-^ 

2-266 X 3S0 gaHiOGS 

m 


Eeaat30iE Peed ^Eai*i 

Beactoa: 


&S: 


9 . 

(T9) #1 BedistxiijTifcion 

Hold-trp and feed 

2 days lacdd!-^ 

2-m Sic 1# 

OS' 


Beactxjr Product 

#2 Distillation 


65 



Tank 

ColmBn 
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CASE A 


TABLE Al.1-6 (continued) 


10. 

(TIO) #2 Distillation 

QdIuiiiei Condensate 
Accuianlator 

Reflux feed; column 
Control 

11. 

(Til) i2 Redistribution 
Reactor Feed Tank 

Hold-up and feed 
Reactor 

12. 

(T12) #2 Redistribution 
Reactor Product 
Tank 

Hold-up and feed 
§3 Distillation Column 

13. 

(T13) #3 Distillation 

Column Condensate 
Accumulator 

Reflux feed; phcise 
Sepeuration ; coluBm 
control 

14. 

(T14) #3 Distillation 

Column Condensate 
Tank 

Hold-up and recycle 
feed to #2 Redistribu- 
tion Reactor 

15. 

(T15) #4 Distillation 
Column Feed Tank 

Surge between absorber 
and distillation 

16. 

(T16) #4 Distillation 

Colmr .1 Condensate 
Accumulator 

Refltix feed; column 
control 

17. 

(Tl7) #4 Distillation 

Column Condensate 
Tank 

Hbld-up and recycle 
to 52 Redistribution 
Reactor 

18. 

(T18) Haste Tank 

Collect ^raste for 
Treatment and disposal 

19. 

(T19) Absorber Feed 
Tank 

Feed TET to absorber 

20. 

(T20) Silane Storage 

Final Product storage 


20 mirsutes hold-up 

746 gallons 
65 PSIA 


2 days hold-up 

1.891 X 104 gallons 
65 PSIA 

SS 

2 days bold-tip 
6.8 X 10^ BTD/hr 

3.46 X 10^ gallons 
-40°F, 60 PSIA 

ss 

20 minutes hold-up 

194 gallons 
5 “f. 60 PSIA 

SS 

2 days hold-ijp 
2.81 X 10^ BTD/hr 

1.7 X 10^ gallons 
60 PSIA, 5°F 

ss 

2 days hold-up 
9.63 X 103 BTD/hr 

4.69 X 10^ gallons 
60 PSIA 

ss 

20 minutes hold-up 

It. gallons 
50 PSIA,-7°F 

ss 

2 days hold-up 
9.4 X 10^ BTD/hr 

2.55 X 10^ gallons 
50 l^IA, -7 *’f 

ss 

2 week storage 

1.378 X lO'* gallons 
65 PSIA 

CS 

2 days storage 

2.44 X 10^ gallons 
50 PSIA 

ss 

1 week storage 
3.14 X 10^ BTD/hr 

1.522 X 10*^ gallons 
-40°F, 2S0 PSIA 

ss 
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CASE A 


TABLE AI.1-6 (continned) 


21. 

{T21) 

Caustic Storage 

Raw Material Storage 

2 weeks storage 

2-:M>4 X 10“^ gallons 

SS 

22. 

(HI) 

TCS Reactor 
Recycle Gas Heater 

Heat Recycle gas and 
Hydrogen to SSO^C 

2.342 X 10® BTD/hr 

752 ft2 
65 PSIA 

CS 

23. 

(H2) 

HCl Vaporizer 

Heat Reactant to 
550°C 

1.587 X 10® BTD/hr 

34 ft2 
65 PSIA 

CS 

24. 

(H3) 

TET Vaporizer 

Heat Reactant to 
550“C 

8.755 X 10® BTD/hr 

2381 ft^ 
65 PSIA 

CS 

25. 

(H4) 

TCS Reactor Re- 
cycle Ccxidenser 

Phase separation; 
Recycle hydrogen 

1.094 X 10*^ BTD/hr 

1882 ft^ 
65 PSIA 

cs/ss 

26. 

(H5) 

51 Distillation 
Column Preheater 

Preheat distil la ticxi 
feed to bubble point 

2.044 X 10® BTD/hr 

164 ft2 
250 PSIA 

CS 

27. 

(H6) 

#1 Distillation 
Column Condenser 

Provide Refltix to 
Column 

1.296 X lo"^ B(ID/hr 

3189 ft2 
65 PSIA 

CS 

CD 

• 

(K7) 

#1 Distillation 
Column Reboiler 

Provide vapor to 
Column 

2.382 X 10^ BTD/hr 

2818 ft2 
250 PSIA 

CS 

29. 

(H8) 

52 Distillation 
Column Condenser 

Provide Reflux 
to column 

1.96 X 10® BTU/hr 

956 ft^ 
65 PSIA 

cs/ss 

30. 

(H9) 

#2 Distillation 
Column Reboiler 

Provide Vapor 
to ColusiBi 

2.693 X 10^ BTD/hr 

2514 ft2 
250 PSIA 

CS 

31. 

(HIO) 

#2 Redistribution 
Reactor Feed 
Vaporizer 

Vaporize Reactants 
for Reactor 

8.81 X 10® BTD/hr 

78 ft^ 
250 PSIA 

cs/ss 

32. 

(HID 

52 Redistrilnition 
Reactor Product 
Condenser 

Condense Vapor for 
hold-up storage 

1.06 X 1C® BTD/hr 

306 ft^ 
60 PSIA 

CS/^ 

33. 

(H12) 

#3 Distillation 
Colusm Preheater 

Vaporize ctnd preheat 
feed to column 

1,06 X 10^ BTD/hr 

66 ft2 
250 PSIA 

CS/SS 
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CASE A 


TABliE aI. 1-6 (contlmied) 


34. 

CH13) 

#3 Distillation. 
Colum Condenser 

Provide Coluimi Reflux 
(Partial Cond^ser} 

7.312 X lO^ BTO/hr 

593 ft^ 
60 PSIA 

CS/SS 

35. 

(HX4) 

#3 Distillation 
ColuHin Reboiler 

Provide Vapor to 
Column 

9.64 X 10^ BTD/hr 

84 ft^ 
250 PSIA 

CS/SS 

36. 

(H15) 

Silane Condenser 

Condenser Final Pro- 
duct for storage 

4.9 X 10^ 3TO/hr 

53 ft^ 
250 PSIA 

CS/^ 

37. 

(H16) 

“4 Distillation 
Column Condenser 

Provide Reflux 

8.71 X 104 BTO/hr 

84 ft2 
50 PSIA 

CS/SS 

38. 

(H17) 

#4 Distillation 
Column Reboiler 

Provide Vapor to 
Coltmn 

1.2 X 10^ BTU/hr 

13 ft2 
250 PSIA 

CS/SS 

39. 

(H18) 

Absorber Pre- 
cooler 

Cool tEET for absorp- 
tion column 

1.35 X 10^ BTD/hr 

35 ft2 
60 PSIA 

CS/SS 

40. 

(H19) 

Nitrogen Heater 

Heat Nitrogen to re- 
generate Charcoal 
Adsorbers 

2,52 X 10^ BTD/hr 

14.1 ft2 

CS 

41. 

(PI) 

TCS Reactor Off 
Gas Recycle Com- 
pressor 

Circu3.ate Recycle 
Gas to Reactor 

1.36 X 10^ SCFH 

26.5 Horsepower 
75 PSIA Discharge 

cs* 

42. 

(P2) 

#1 Distillation 
Column Feed Pump 

Feed Column 

136.5 gpm 

106 PSI; 14.5 BHP 

CS* 

43. 

{P3) 

#1 Distillation 
Coltnnn Overheads 
Pump 

Provide Reflux and 
remove overhead 
product 

244 gpm 

92.3 PSI; 22.5 mp 

CS* 

44. 

(P4) 

#1 Distillation 
Column Bottoms 
Pump 

R*iiaove Bottoms 
Prcduct to TET storage 
tank 

69 gpm 

106 PSI; 7.3 BHP 

CS* 
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CASE A 


TABLE Al . 1-6 (contintied) 


45. 

(P5) 

Process Water 
Feed Pump 

Feed Process Water 
to Waste Treatment 

48.6 gpoi 

82.5 PSIf 4 ^P 

CS* 

46. 

(P6) 

Caustic Feed 
Pump 

Feed Raw Material 
to waste treatment 

1 gpm 

118 PSI ; 5{ BHP 

SS 

47. 

(P7) 

#1 Redi.stribu— 
tion Reactor 
Feed Pump 

Feed TCS to Reactor 

79 gpm 

106 PSI; 8.4 BHP 


CD 

• 

(P8) 

#2 Distillation 
Column Feed Pump 

Feed TCS/DCS still 

76.6 gpm 

92.3 PSIf 7.1 BHP 


49. 

(P9) 

#2 Distillation 
Column Overheads 
Pump 

Provide Reflux and 
Remove Overhead Product 

37.3 gpm 

92.3 PSI; 3.4 BHP 

SS 

• 

o 

in 

(PIO) 

#2 Distillation 
Column Bottcmis 
Pump 

Remove Bottcxns Product 
to TCS/TET storage tank 

66.7 gpm 

106.3 PSI; 7.1 B^ 


51. 

(Pll) 

#2 Redistribution 
Reactor Feed Pump 

Feed DCS to Reactor 

13.4 gpm 

130 PSI; 1.7 B!aP 


52. 

(P12) 

#3 Distillation 
Column Feed Pump 

Feed Silane Sti3J. 

12 gpm 

87.3 PSIf 1 BHP 

SS 

53. 

(P13) 

#3 Distillation 
Colinan Overhead 
Pump 

Provide Reflux; Remove 
Overhead Producrt: 

9-7 gpm 

87.3 PSI; 1 BffiP 

SS 

54. 

(P14) 

#3 Distillation 
Column Bottoms 
Pump 

Remove Bottoss Pro- 
duct to TCS/TET Tank 

5.2 gpm 

106.3 PSI. ^ BBH* 

SS 

55. 

* 

(P15) #4 Distillation Feed TBT Stripper 1.6 gptn 

Feed Pirap 

Includes incremental higher cost for special purity regairements . 

77.3 PSI, \ BEP 

SS 



CftSE A 


(contimaed) 


56. 

(PI 6) #4 Distillation 
Column Overhead 
Pun^ 

Provide Reflux, 
Remove Overhead 
Product 

1 gjw 

77.3 PSIj ^ EHP 

SS 

57. 

(P17) §4 Distillation 
Column Bottoms 
Pian^J 

Remove Bottoms 
Product to Absorber 
Feed Tank 

1 gpo 

91.3 PSIj % BHP 

SS 

59. 

(P18) #4 Distillation 
Condensate Re- 
cycle Pump 

Recycle Condensate 
back to #2 Redistri- 
bution Reactor 

1 gpra 

106.3 PSI; % BHP 

SS 

59. 

(P19) Silane Product 
Compressor 

Liquefy Silane for 
Storage 

66 SCFH 

250 PSIA Discharge 
6.5 HP 

SS 

60. 

(P20) Waste Feed PunqD 

Distillation Wastes 
to Waste Treatment 

1 gpB 

76.3 PSI? ?SBHP 

CS 

61. 

(P21) TCS Reactor Feed 
Pump 

Feed TET to Reactor 

69 gpm 

92.3 PSI; 6.4 BHP 

CS* 

62. 

(P22) #3 Distillation 
Condensate Re- 
cycle Pump 

Recycle Condensate 
back to #2 Redistribu- 
tion reactor 

5.9 gpm 

92.3 PSI; \ BHP 


63. 

(P23) Waste Collection 
Pump 

Distillation Wastes to 
Waste Tank 

1 gpm 

87.3 PSI; ^ BHP 

CS 

64. 

(P24) Absorber Feed 
Pump 

Feed Cold TET to 
Absorption Colmmi 

1 gpw 

87.3 PSI; % BHP 

SS 

65. 

(Cl) #1 Distillation 
Column 

Separate TET from 
TCS 

95,220 Ib/hr 
of feed 

7.56 ft. diameter 
100 ft. tall, 50 trays 

CS 
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CASE A 


TABIiE Al.i-6 (continued) 


66. 

CC2) 

#2 Distillation 
ColTsan 

Separate TCS from 
DCS 

48, 321 Ib/hr 
of feed 

10.6 ft. Diameter 
136 ft. tall, 68 trays 

CS 

67. 

(C3) 

#3 Distillation 
COliann 

Separate Silane from 
other Chlorosilanes 

7344 Ib/hr 
of feed 

2.01 ft. Diameter 
29 ft. tall, 29 trays 

SS 

68. 

(C4) 

#4 Distillation 
Column 

Strip TET for use 
in absorber 

1007.7 Ib/hr 
of feed 

1.04 ft. Diameter 
28.5 ft. tall, 38 trays 

SS 

69. 

(C5) 

Silane Absorber 

Absorb Chlorosilane 
from Silane 

819.3 Ib/hr 
of vapor feed 

0.823 ft. Diameter 
12 ft. tall, 16 trays 

SS 

70. 

CC6) 

Charcoal Adsorber 

Activated Carbon Adsor- 
btion of Silane to re- 
move Trace Chlorosilane 

366 ib/hr of 
vapor feed 

1 ft. Diameter 
7 ft. tall (2), 623 lbs 
of carbon 

SS 

71. 

(HI) 

TCS Fluidized 
Bed Reactor 

Produces TCS from 
TET M.G.Silicon, and 
H2 


6.26 ft. in diameter 
26.5 ft. tall, 481 tubes 
1 " , 16 ’ Icmg 

SS 

72. 

(R2) 

b 1 Redistribu- 
tion Reactor 

Redistribute TCS to 
DCS 


2' DiaB«rter by 15 ft. tall 
1042 lbs catalyst 

SS 

73. 

(R3) 

#2 Redistribu- 
tion Reactor 

Redistribute DCS to 
Silane 


2.34’ Diameter by 35 ft. tall 
1667.2 lbs catalyst 

SS 

74. 

(Al) 

Fines Separator 

Remove Silicon Fines 
carried over with TCS 
Reactor Off-gas 


Standard design 
30" Diameter 

SS 

75. 

(A2) 

Waste Treatment 

Discharge innocuous 
effluent 


1 oolisBi for absoarptioa 

-i- 1 heat exchanger to vapox- 

ize feed 

SS 

76. 

(A3) 

Hydrogen Flare 

Dispose of Hydrogen 
from Waste Treatment 


30 ft. stack 
6" Di^aeter 

CS 



CASH A 

TABLB Al.1-7 

PRODUCTION LABOR RBQUIRBMBNTS FOR 
3ILANB PROCBSS-CABB A 



Unit Operation 

Typ> 

Skilled Labor, Man Hours 
Par pay_ Par lb. Silane 

Semiskilled Labor 
Per Day Per Ud. silane 

1. 

TCS Production 

B 

65 

.0085 


2. 

Hydrogen Recycle 

C 

18 

.0023 


3. 

Raw Material Vaporisation 

C 

50 

.0065 


4. 

TC8 Condensation 

C 

50 

.0065 


5. 

TCS/TBT Separation 

C 

62 

.0081 


6, 

#1 Redistribution 
Reactor 

C 

49 

.0064 


7. 

DCS/TCS Separation 

c 

52 

.0068 


8. 

11 2 Radi Btibui ton 
Reactor 

c 

32 

.0042 


9. 

Silane Distillation 

c 

32 

.0042 


10. 

Silane Absorption 

c 

28 

.0036 


11. 

Silane Purification 
(adsorption) 

A 

36 

.0047 


12. 

Silane compression 

B 

23 

.003 


13. 

Silane Condensation 

B 

23 

.003 


14. 

Materials Handling 

A 



48 .0063 

15. 

Waste Treatment 

B 

60 

. 0070 


16, 

Silicon Fines Separation 

A 

15 

.002 



TOTAL 


595 

.0776 

48 ,0063 


NOTES ! 

1. A Batch I'tooess vE Multiple Small Units 
B Average Process 

c Automated Process 

2, Man hours/day Unit from Figure 4-6, Peters and Timmerhaus (7). 
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A1.2 Sllnno Procoss - Ci,so B 


Tho cbemioftl onginaaring ftnulyaia of tha Silane ProceBs - 
Caaa B (Minimum Procaas Storage) Involvaa a preliminary pro- 
caaa cloaign of a plant to produce allane for all icon. 

The Silane Procoas - Caae B involvaa aoveral proceaalng 
oporatlona of hydrogenation diet il lat ion , redistribution, 
distillation, redistribution reaction, stripping and absorp- 
tion. The flowsheet received from Union Carbide, upon which 
the design is baaed, ia shown In Figure Al.2-1. 

A summation of the Important foaturea of CASE B Is pre- 
sented in tha following table: 

CASE B 


Process Silane (Union Carbide) 

Plant Size 1270 MT/yeur of Silane 

Process Flow Sheet Original Received from 

Union Carbide 

Process Chemistry & Equilibrium From Union Carbide 

Intermediate Product Stor.ige Considerat ions. . .Min inium 

Major Process Equipment 58 pieces of Process 

Equlpmi'nt 

The results from the preliminary process design (CASE B) 
are summarizod in a tabular format parallel to those repre- 
senting Case A. These tables are represented by the following 
guide Lo £>nuble the readf*r to quickly locate items of interest. 


Base Case Conditions Table Al.2-2 

Reaction Chemistry. Table' A1.2-U 

Haw Material Requirement Table A 1.2-'! 

Utility Requirements Table Al.2-5 

Major Process Equipment Table Al.B-B 

Production Labor Requirements .Table Al.2-7 
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CaSE B 


TABLE Al.2-1 CHEMICAL ENGINEERING ANALYSES i 
PRELXHIHAHY PROCESS DESI(^ ACTIVITTES FOR SILANE PSDCESS -CASE B 


Prel. Process Design Activity Status 

1. Specify Base Case Condi ticxis • 

1. Plant Size • 

2. Product Specifics • 

3. Additional Conditions • 

2. Define Reaction Chemistry • 

1. Reactants, Products • 

2 . Equilibrium • 

3. Process Flow Diagram t 

1. Flow Sequence, Ifciit Operations • 

2. Process Condi titxis (T, P, etc.) • 

3 . Envi ronrasntal • 

4. Coapany Interaction • 

(Technology Exchange) 

4. Material Bailance Calculations • 

1. Raw Materials • 

2. Products • 

3 . By-Products • 

5. Energy Balance Calculations • 

1. Heating • 

2 . Cooling • 

3. Additicxial • 

6. Property Data • 

1. Physical • 

2. Hiermodynamic • 

3. Additional ® 


Prel. Process Design Activity Status 

7. Equipment Design Ca 1 culaticMS • 

1. "itoxage Vessels • 

2. Ooit CperatioQS Equipment • 

3. Process Data (P, T, rate, etc.) • 

4. Additional • 

8. List of Major Process Equipment • 

1. Size • 

2. Type • 

3. Materials of Construction • 

Sa. Major Technical Factors • 

(Potential Problem Areas) • 

1. Materials Coupatibility • 

2. Process Conditions Liaitatiaas 0 

3. Additional * 

9. Production Labor Requirements • 

1. Process Technology • 

2. Production Voltsoe • 

10. Forward for Economic Analysis • 


0 Flan 

e In Progress 
• Ccmplete 
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TA0LB Al.2-2 

DASB CASB CONDITIONS FOR SILANI! PROCBSS-CASB B 


1. Plant; 81x9 

- Allow Cor 10% los»9X oC ailano in production oC ailioon 

- 1270 motrio toni/yaeir of xllonx 

- aolar coll gradtt silioon 

2. Ilydrogonation Raootion 

- H«tallurgical grada allioon, hydrogan, to produoa tri oliloroxllan® (TCS) 
maJc9-up hydrogen ohlorid* uxed and raoyol® xilioon totrachlorida (TBT) 

- Copp«r catalyxod 

- riuidixed bad 

- 5S0“C. 50 PSIG 

- 15.8% conversion of SiCl^ (Union Carbide flowahoat) 

3. TCS Padlstribution Raaction 

- 'I'CS from hydrogenation produoox dichloroxilano (DCS) 

- Catalytic radistribution oC TCS witli toruiary nmlna ion oxchanga rosin 

- Liquid phaso 50 PSIG, 0O°C. 

- Conv®rsion a function of inlot concontration por Piguro IIA-2 
(Union Carbide oqui librium) 

- Conversion from pure TCS food is eibout 10% to DCS (example) 

A. DCS nodistributlon Roaction 

- DCS produces Sill^ (silane) 

- Catalytic redistribution of DCS with tertiary amino ion exchange resin 

- Gas phase 60-80 C 

- Conversion a function of inlet ooncentratlon por Piguro IlA-1.1 
(Union Carbide equilibrium) 

- Conversion from pure DCS food is about 14% to Silane (example) 

5. Pocycles 

- Unreacted chlorosilanas separoted by distillation and recycled 

6. Silane Purification 

- Chlorosllanes removed by absorption in -40 C SiCl^(Tet) 

- Trace contaminants removed by carbon adsorption 

7. Operating Ratio 

- Approximately 90% utilization 

- Approximately 7880 hour/year production 

8. Storage Considerations 

- Feed materials (two weelc supply) 

- Product (two weali supply) 

- Process (several days) 
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Nota 

1. Raaction 1 Product oonta^na H_, SiCl^, SiHCl„, SiH-Cl, (trace), 
other trace chlorides 

2. Reaction 2 Product contains SiHCl^* SiCl^» SiHgCl^/ SiH^Cl 

3. Reaction 3 Product contains SiH^Cl2, Sicl^, SiH^Cl, SiH^ 
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CA8B B 


TABLE AI.2-4 

RAW MATERIAL REQUIREMENTS FOR SILANE PROCESS -CASE B 

Roquirfltront 

Raw MatgriflX Ib/lb of 3 llano 


1. 

Anhydrous UCl 

1.239 

2. 

Hydrogan 

.3L2 

3. 

Caustic (50%) 

2.446 

4, 

M.G. Silicon 

1.11 
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CA8B B 


TABLl! Al,2~5 



UTILITY RaoUIRltMKNTS FOR SIlAMffi PROCESS - 

CASE B 



Utiltty/Punction 

Requirements/lb of 

Silane Product 

1, 

Bl«ctrlcJty 

1. All pump and Compraisor 


.212 KW-HR 


Motors (16) 

.212) 


2. 

Steam 250 Pala 

1. #1 Distillation Column Prehaatar 

(6.96) 

186.72 lbs 


2. ftl Distillation Column Reboilsr 

(81.18) 



3- #2 Distillation Column Rsboilar 

(91.77) 



4. H2 Redistribution Raacotr Prshsatar 

(3.0) 



5. #3 Distillation Column Raboilsr 

(3,29) 



6. H4 Distillation Column Reboiler 

(0.41) 



7 . Waste Treatment 

(0.11) 


3. 

Cooling Water (10“120®P) 

1. #1 Distillation Column Condenser 

(146.12) 

168.12 gallons 


2. #2 Distillation Column Condenser 

(22.09) 


4. 

Process Water (90“p) 
1 . Waste Treatment 

(8.22) 

8.22 gallons 

5. 

Refrigerant (-20®F) 

1. #3 Distillation Column Condenser 

(2058.0) 

2303.2 BTU 


2. #4 Distillation Column Condenser 

(245.2) 


6 . 

Refrigerant (-30®F) 

1. TCS Reactor Recycle Gas Condenser 

(30788.0) 

3G78B.0 BTU 

7. 

Refrigerant (-40®F) 

1. Silane Product Storage 

(25.26) 

25.26 BTU 

8. 

Refrigerant (-50®F) 

1. Product Silane Condenser 

(137.9) 

517.2 BTU 


2 . Absorbent Cooler 

(379,3) 


9. 

High Temperature Heat Exchange Fluid 

•j 

3.324 X 104 BTU 


1. TCS Reactor Recycle Gas Heater 

(6.591 X 10'^) 



2 . HCl Vaporizer 

(4.46 X i02) 



3 . Tet Vaporizer 

4. Heat Nitrogen to Regenerate Char. 

(2.464 X 104) 



Adsorbers 

(70.95) 



5 . TCS Reactor 

(1.491 X 103) 
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CA8g B 

TABLE Al.2-5 (Continuad) 


Utllity/Punotlon 


R»q»lr<itn«ntg/lb of 8ilim» Product 


10. Nitrogan 

1. Rogonorats Charaoal Adsorbars (S.S4) 


3.34 SCP 
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CASE B 


TABLE Al.2-6 


LIST OF M2VJOR I>aDCESS 
EQUIPMENT FOR SHANE PROCESS - CASE B 




Type 

Functic«i 

Duty 

1. 

CTl) 

M.G* Silicon 
Storage Hopper 

Raw riateriai Storage 

2 weeks storage 

2- 

(T2) 

Hydrogen Storage 
Tank 

Raw Material Storage 

8 hours backup for 
pipeline failure 

3. 

(T3) 

Liquid HCl 
Storage Tank 

Raw Material Storage 

2 weeks storage 

4. 

(T41 

Recycle TBT 
Storage 

For TCS REactor Fred 

1 day storage 

m 

414 

(T5) 

TCS Reactor Off- 
Gas Flash Tank 

Phase Separation 


6 . 

(T6) 

TCS/TET Storage 

Feed Distillation 
Column #1 

1 day hold-up 

7. 

(T7) 

#1 Distillaticxi 
Column Condensate 
Accumulator 

Reflux feed; coluan 
Control 

20 minutes hold-up 

8. 

(T8) 

b 2 Distillation 
Column Condensate 
Accumulator 

Ref line feed; column 
Control 

20 minutes hold-up 

9. 

tT9) 

“3 Distillation 
Coliamn Condensate 
Accumulator 

Reflux feed; phase 
Separation; coluimi 
control 

20 minutes hold-i^ 


Sizse 


Hatarlals 
of OoostjrtKrtijoo 


1.363 X 10^ galloEis 

CS 

9-161 X 10^ gallons 
250 ISIA (^siierical) 

cs 

1-612 X 10'^ gallons 
250 PSIA, -50®F 
(^iberlcal) 

Nickel ! 

9.923 X 10^ geLLlons 
65 PSIA 

CS 

1 ft. diameter by 4 ft- 
loog, 65 PSIA, 0*F 
65 PSIA 

CS 

1.966 X 10^ 
65 PSIA 

CS 

4.88 X 10^ gallons 
65 PSIA 

CS 

746 gallons 
65 PSIA 

SS 

194 gallons 
5°F. 60 PSIA 

ss 
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CASE B 


TftBIE aI. 2-6 (Continued) 


10. 

(TIO) 

#4 Distillation 
Column Condensate 
Tank 

Reflux feed; column 
control 

20 minutes hold-up 

18 gallons 
50 PSIA, -t"f 

SS 

11. 

CTll) 

Waste Tank 

Collect waste for 
Treatment and disposal 

2 week storage 

1.378 X 10"^gallons 
65 PSIA 

CS 

12, 

CT12) 

Silane Storage 

Final Product Storage 

2 days storage 
8.97 X lO^BTO/Hr 

4.349 X 10^ galltMis 
-40 °F, 250 PSIA 

SS 

13. 

(T13) 

Caustic Storage 

Raw Material Storage 

2 weeks storage 

2.304 X 10^ geillons 

SS 

14. 

(HI) 

TCS Reactor Heat Recycle gas and 

Recycle Gas Beater Hydrogen to 550®C 

2.342 X 10® BTO/hr 

752 ft2 
65 PSIA 

CS 

15. 

(H2) 

HCl Vaporizer 

Heat Reactant to 
550 °C 

1.587 X 10® BTO/hr 

34 Ft2 
65 PSIA 

CS 

16. 

(H3) 

TET Vaporizer 

Heat Reactant to 
550°C 

8.755 X 10® BTO/hr 

2381 ft^ 
65 PSIA 

CS 

17. 

(H4) 

TCS Teactor Re- 
cycle Condenser 

Phase separation; 
Recycle hydrogen 

1.094 X lO"^ BTO/hr 

1882 ft^ 
65 PSIA 

CS/SS 

» 

CO 

(H5) 

#1 Distillation 
Column Preheater 

Prebeat distillation 
feed to bubble point 

2,044 X 10® BTO/hr 

164 ft2 
250 PSIA 

CS 

19. 

(H6) 

#1 Disti Illation 
Column Condenser 

Provide Reflux to 
Colimn 

1.296 X 10^ BTO/hr 

3189 ft2 
65 PSIA 

CS 

20. 

(H7) 

#1 Distillation 
Column Reboiler 

Provide vapor to 
Column 

2,382 X lo"^ BTO/hr 

2818 ft^ 
250 PSIA 

CS 
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CASE B 


TABLE Al.2-6 (Ccmtinued) 


21 

(H8) 

S2 Distillation 
Colunm Condenser 

Provide Reflux 
to column 

1.96 X 10^ BTO/hr 

956 ft 2 
65 PSIA 

CS/SS 

22. 

(H9) 

#2 Distillation 
Column Seboiler 

Provide Vapor 
to column 

2.693 X 10^ BTU/hr 

2514 ft^ 
250 PSIA 

CS 

23. 

(HIO) 

#2 Redistribution 
Reactor Feed 
Vaporizer 

Vaporize Iteactants 
for Reactor 

8-81 X 10^ BTU/hr 

78 ft^ 
250 PSIA 

CS/SS 

24. 

(HU) 

#3 Distillation 
Column Condenser 

Provide Colmai Reflux 
(Partial Condenser) 

7.312 X 10^ BTO/hr 

593 

60 PSIA 

CS/SS 

25. 

(H12) 

#3 Distillation 
Column Reboiler 

Provide Vapor to 
Column 

9.64 X 10^ BTO/hr 

84 ft^ 
250 PSIA 

CS/SS 

26. 

(HI 3) 

Silane Condenser 

Condense Final Pro- 
duct for storage 

4.9 X 10** BTU/hr 

53 ft2 
250 PSIA 

CS/SS 

27. 

(H14) 

#4 Distillation 
Column Condenser 

Provide Reflux 

8.71 X lO'* BTO/hr 

84 ft2 
50 PSIA 

CS/SS 

28. 

(H15) 

~4 Distillation 
Coluimi Retooiler 

Provide Vapor to 
Column 

1.2 X 1q 5 BTU/hr 

13 ft2 
250 PSIA 

CS/SS 

29. 

(H16) 

Absorber Pre- 
cooler 

Cool TET for etbsorp- 
tion column 

1.35 X 1Q5 BTO/hr 

35 ft^ 
60 PSIA 

CS/SS 

30. 

(HI 7) 

Nitrogen Heater 

Heat Nitrogen to re- 
generate Charcoal 
Adsorbers 

2.52 X 10^ BTO/hr 

14.1 ft2 

CS 

31. 

(PI) 

TCS Reactor Off 
Gas Recycle Com- 
pressor 

Circulate Recycle 
Gas to Reactor 

1.36 X 10^ SCFM 

26.5 Horsepower 
75 PSIA Discharge 

CS* 
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CASE B 


TABLE AI.2-6 Xontinned) 


32. 

(P2) 

#1 Distillation 
Column Feed Pump 

Feed Column 

136.5 gpm 

106 PSI; 14-5 BHP 

CS* 

33. 

(P3) 

#1 Distillation 
Column Overheads 
Punp 

Provide Reflux and 
remove overhead 
product 

244 gpm 

92.3 PSI; 22.5 BHP 

CS* 

34. 

(P4) 

#1 Distillation 
Column Bottoms 
Pump 

Remove Bottoms 
Product to TET storage 
tank 

69 gpoi 

106 PSI, 7.3 BHP 

CS* 

35. 

(P5) 

Process Water 
Feed Pump 

Feed Process Water 
to Waste Treatm^t 

48.6 gpct 

82.5 PSI; 4 BHP 

CS* 

36. 

(P6) 

Caustic Feed 

Feed Raw Material 

1 gpm 

118 PSI; 1/4 

SS 

II437. 

(P7) 

#2 Distillation 
Column Overheads 
Pump 

Provide Reflux and 
Remove Overhead Product 

37.3 giHa 

92.3 PSI; 3.4 BPH 

ss 

38. 

(P8) 

#2 Distillation 
Column Bottoms 
Pump 

Remove Bottoms Product 
to TCS/TET storage tank 

66.7 gpm 

106.3 PSI; 7.1 BPH 

SS 

39. 

(P9) 

#3 Distillation 
Column Overhead 
Pump 

Provide Eeflxix; Remove 
Overhead Product 

9.7 gpm 

87-3 PSI; 1 BSP 

ss 

40. 

(PIO) 

#3 Distillation 
Column Bottoms 

Remove Bottoms Pro- 
duct to TCS/TET Tanik 

5.2 gpm 

106-3 PSI; 1/2 BHP 



Punp 


* 


Includes incremental higher cost for special purity requirements . 
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C3iSE B 


TABLE Al.2-6 (Continoed) 


41 

^Fll) 

#4 Dijtiliction 
Colimr. Overhead 
Pump 

Provide Reflux, 
Raaove Overhead 
Product 

42. 

;P12) 

#4 Distillation 
!!^lisisi Bottoms 
Pump 

Remove Bottoms 
Product to Absorber 
Feed Tank 

1 * 

T . 

'?13) 

Silane Product 
CorapresEor 

Liquefy Silane for 
Storage 

'.4. 

'P141 

Waste Pe"d P’sap 

Distillation Wastes 
to Weiste Treatment 

45. 

(P15) 

TCS Peat tor Seed 
Pmnp 

Feed TET to Reactor 


Pl6) 

Wafte Collection 
Pump 

Distillation Wastes to 
Waste Tank 

IT. 

■; ^ 

#1 illation 

Column 

Separate TET from 
TCS 

4%. 

:C2) 

#2 Distillation 
Column 

Separate TCS from 
DCS 

49. 

'23) 

#3 Distillation 
Coiuian 

Separate Silane from 
other Ch loros il^u^es 

50, 

'C4) 

^4 Distillaticai 
Column 

Strip TET for use 
in absorber 

31 . 

:c5) 

5ila;,e Absorber 

Absorb Chlorosilane 
from Silcme 


1 gpo 

77.3 PSI; 1/4 B0P 

SS 

1 gpe 

91.3 PSI; 1/4 BSP 

ss 

66 SCFM 

250 PSIA Discharge 
6.5 HP 

SS 

1 

76.3 PSIi 1/4 BBP 

cs 

69 gpa 

92.3 PSIj 6.4 BBP 

cs* 

1 gpm 

87.3 PSI; 1/4 BBP 

cs 

94,220 IbAr 
of feed 

7.56 ft. diameter 
100 ft. tall, 50 tr /s 

cs 

48,321 Ib/hr 
of feed 

10.6 ft. Diameter 
136 ft. tall, 68 trays 

cs 

7344 Ib/hr 
of feed 

2.01 ft. Diameter 
29 ft. tall, 29 trays 

ss 

1007.7 Ib/hr 
of feed 

1.04 ft. Diameter 
28.5 ft. tall, 38 trays 

ss 

019.3 ib/hr 
of vapor feed 

0.823 ft. Diameter 
12 ft, tall, 16 trays 

ss 


* Includes incremental higher cost for special purity requirenents. 
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CASE B 


TKBUB aI. 2-6 (Continued) 


52. tC-^j Charcoal Adsoroer Activated Carbo.i Adsorb- 

tior. of Silane to reiaove 
Trace Chlorosilane 

53. fRl) TCS Fluidized Produces TCS froei 

Bed Reactor TET,M.G. Silicon, and 

H2 

54. (R2) #1 Hedistribu- Redistribute TCS to 

tion Reactor (2) DCS 

55. (R3) #2 Bedistrihu- Redistribute 1 to 

tion Teactor (2) Silane 

56. (Al) Fines Separator Rentove Silicon Fines 

carried over with TCS 
Reactor Off-gas 

57. (a 2) Waste Treatsient Discharge innonx>us 

effluent 


58. (A3) Hydrogen Flare Dispose of Hydrog«i 

frcHH Waste Treatment 


366 Ib/hr of 1 ft. Diameter SS 

vapor feed 7 ft. tall (2), 623 lbs 

of carbon 

6.26 ft. in Diameter SS 

26.5 ft. tall, 481 tubes 
1", 16’ long 

2’ Diameter by 15 ft. tall SS 
1042 lbs catal 3 rst 


2.34* Diasteter by 35 ft. SS 

tall 1667.2 lbs catalyst 

Standard design SS 

30" Diameter 

1 colmm for adsorption SS 

t 1 beat exchanger to vapor- 
ize feed 

30 ft. stack CS 

6" Diameter 



CASB B 


TABLB Al.2-7 

PRODUCTION LABOR RSQUIRISMBNTS FOR 
8ILAN1S PR0CB8S - CABB B 



Unit Oparation 

Type 

Skilled 
Per Day 

Labor, Man Hours 
Per lb. silane 

1. 

TCS production 

B 

65 

.0085 

2. 

Hydrogen Recycle 

C 

18 

.0023 

3. 

Raw Material vaporisation 

C 

50 

.0065 

4. 

TCS Condensation 

C 

SO 

.0065 

5. 

TCS/TBT Separation 

c 

62 

.0081 

6. 

fll Redistribution 
Reactor 

c 

49 

.0064 

7. 

DCS/TCS Separation 

c 

52 

.0068 

8. 

fr2 Radifitribution 
Reactor 

c 

32 

.0042 

9. 

Silane Di .‘ tillation 

c 

32 

.0042 

10. 

Silane Abaorptioti 

c 

28 

,0036 

11. 

Silane Purification 
(adsorption) 

A 

36 

.0047 

12. 

Silane compression 

B 

23 

.003 

13, 

silane Condensation 

B 

23 

.003 

14. 

Materials Handling 

A 

48* 

.0063* 

15. 

Waste Treatment 

B 

60 

.0078 

16. 

Silicon pines Setjaratlon 

A 

15 

,002 


TO'lAT, 


>95 

.0776 


Nomo ! 


1. A Batch Process of Milttpla SmalX Units 
B Av^^iaqe PmcPHS 

C Automated Process 

2 . Mjii * "if'5 lav "nil fv.it.’ i'i-|n>o 4-b, rrf’M. ;d riiiimerhaus (7), 

*«< rn ■ j H I 
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A1.3 Slliino Proco«» - C«.«o C 


Initial reaults for tlio Sllaua Proc®«s (Cb«»b A and B) w»ro 
marginal and Indlcatod procaas raviilonx woro warranted. 

Baaed on theae Initial findinga. Union Carbide engineering, 
roaearch dovolopraont peraonnel roviaed their flowahoet for 
a more optimum arrangement of major proceaa equipment, ^'fiw 
material requlromonta and operating conditioua, A joint, meeting 
with Union Carbide and Lamar waa conducted in late January 
(1078) for initial review of the reviaod flowahoet anv poten- 
tial lower plant capital Invoatmont and lower product coat 
for silane production. 

In the revised allano proceaa, the silicon tetrachloride 
ia hydrogenated in a fluidized bed of silicon which is cata- 
lyzed by copper. The hydrogenation reaction la conducted at 
a high'*r pressure than originally proposed to increase the 
yield of desireable trlchlorosi lane. The gna leaving the fluid- 
ized bed reactor is cooled and condensed to recover the liquid 
chloroBi lanes. The hydrogen is recycled. 

The condensed liquid chloroailanes are separated by dis- 
tillation. The inerts (dissolved gases) are removed in the 
initial distillation column. The remaining distillation col- 
umns separate the liquid ohlorosilanes into primarily silicon 
tetrachloride, trlchloroallane , dich lorosl lane and silane. 

The silicon tetrachloride is recycled bach to the hydrogena- 
tion renctor. The tr 1 fhloroai lane and dichlorosl lane are 
sent to the redistribution reactors for rearrangement of chlo- 
rine/hydrogen bonds to silicon. The final redistribution 
reactor product ia sent to the silane distillation column. 

The silane is removed from this dt st 1 1 1 at ion and sent to sili- 
con production. 

Chemical engineering analysis renults for the Silane Pro- 
cess - Cast? C (Hevised Process) are given in Section 3.3- UCC 
Silane Process for Silicon (Union Carbide Corporation). 
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A3. ADDITIONAL ECONOMIC ANALYSIS 


A2.1 Sllfino Process - Case A 


The economic analysis activity for the Silane Process 
-Case A (Regular Process Storage) involves a cost analysis 
to produce silane for silicon. Primary results Issuing from 
the economic analysis include plant capital investment and 
product coat which are useful in identiricatlon of those pro- 
cesses showing promise for meeting project cost goals. 

The cost analysis results for producing silane by the Si- 
lane Proceas - Caae A are presented in Table A2.1-1 including 
costa for raw materials, labor, utilities and other items com- 
posing the product cost (total cost of producing alllcon). 

The tabulation summarizes all of these itema to give a total 
product cost without profit of .$6. 5ft (1075 dollnra) and $7.77 
(1980 dot laris) per lb of allaiio. This product cost without 
profit includes direct manufacturing cost, Indirect manufac- 
turing coat, plant overhead and general expenses. These re- 
sults, when expressed in terms of silicon contained in the 
silane, correspond to $13.94 (1975 dollnrs) and $10.53 
(1980 dollars) per kg of silicon. 

This cost results for the Silane Process - Case A Indicate 
that this nt*w technology for producing silane for silicon is 
marginal. Revisions are warranted for meeting the cost goal 
of $14 per kg of silicon material (1980 dollars) for solar 
cells. 


The detailed results for the economic analysis are presented 
in a tabular format to make it easier to locate cost items of 
specific Interest. The guide for the tabular format Is given 
below: 


Preliminary Economic Analysis Act I vi t les . , Tab le 


Procf.v.s Design Inputs Table 

Base Case Conditions Table 

Raw Material Coat Table 

Utility Cost Table 

Major Pr' 0 ('eaa Equipment Cost. ... Tnbli' 

Production Labor Cost Tiiblt' 

Plant Investment Table 

Total Product Cost Table 


A2. 1-2 
A2. 1-3 
A2. 1-4 
A2. 1-5 
A2.1-0 
A2. 1-7 
A2. 1-8 
A2. 1-0 
A2. 1-10 
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TABUS A2.1-1 


8STIMAT10N OP PRODUCT COST FOR 81LAH8 PROCGia - CABB A 


Cost Cost 

$/lb of gllsns $/Ib of BlXsns 

(X07g 4oXliurs) gOBO doURTS) 

1. Dirsot Msnufacturing Cost (Dlrsot Costs)....,. 3.34 4.68 

Raw MjtsriaXs 

Dlrsct Opsiratin^ Labor 

Utllitlss 

Supsrviiion and CXorioal 
MaXntsnanos and Rtpairs 
Opsratlng Suppllss 
Laboratory Cliargs 

2. Xndix*sct Manufactuing Coat (Flxsd Cost) ...... . 0.69 1.25 

Dsprociation 
Local Taxos 
Insurancs 

3. Plant Ovsrhsad. 0.60 .34 

4. Gsnsral Bxpansas 0.72 1.01 

Administration 
Distribution and Salas 
Rasaarch and Oavalopntant 


5. Product Cost Without Profit 5.55 7,77 
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CASE A 


Table A2.1-2 
EOMOHIC 

-'-f:iiyiKA>y economic akalysis 

CASE A 


Frel. Froceii Activity 


1. Process Lie's ign inputs 

1. Raw Material Pequa reioents 

2. Vtility Requirements 

3. Equ'psjert. i*ist 

4. Labor Requirements 


2. Specify Base Case Conditions 

1. Base Year for Costs 

2. Appropriate Indices for Costs 

3. Additiona- 


•Ik 3. Raw Material Costs 

^ 1. Base Coit/Lfa. of Material 

2. Material Cost/ ib o: Silane 

3. Total '"ort/lb of Silane 


4. Utility Coses 

1. Base Cest for Eacr. Utility 

2, Utility Cost/lb if Silane 
Total Cos c/lb of Silane 


5. Major Process Equipment Costs 

1. Individual Equipment Cost 

2 , Cost Index Adjustment 


Status 


FW 3ILAME PBOCESS 



6. Production Labor ODSts 

1. Base Cost Per Hen Hoar 

2. Cost/lb Silaae Per Area 

3. ■Total Oost/lb Silane 


7. Estisiatloo of Plant Investment 

1. Battery Li aits Direct Costs 

2 . Other Direct Costs 

3. Indirect Costs 

4. COQtinqency 

5. Total Plant Investment 
(Fixed Capital) 


8. Estiaati-jn of Total Prodoct Cost 

1. Direct Manufacturing Cost 

2. Indirect Manufacturing Cost 

3. Plant Overhead 

4. By-Product Credit 

5. General Expenses 

6. Total Cost of Product 


Status 


O Plan 
0 In Progress 
• CoBiplete 



TABLII A2.1-3 


PROOtSS D3BI0N INPUTS FOR 
aiUNK PROCBSS > CASS A 

1. Raw Matarlal Rnquir«m*nti 

-M.G. Silicon r anhydroua HClr oausbio, hydrogan. 

-B«« tabla for "Raw Material Coat" 

2. Utility 

-olaotrical, staam, cooling water, ato. 

-Boa table for "Utility Coat" 

3. Bquipment List 

-76 piocea of major proceaa equipment 
-proceaa vaaaalB, heat exchangera, reactor, etc. 

-aaa table for "Major Prooaaa Bquipmont Coat" 

4. Labor Requirementa 

-production labor for purification, vaporization, product handling, ato. 
-see tabla for "Production Labor Coat" 
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CASffl A 


TABLE A2.1-4 

BASE CASE CONDITIONS FOR 
SILANE PROCESS-CASE A 


JL. Capital Bquipmant 

-January 1975 Coat Indax for Capital Equipment Coat 
-January 1974 coat Index Value •• 430 

2. UtlUtlea 

• Eieotrir'a L, Stoain, roollng Water, Nitrogen 
-January ls7b CuaL Iiu'ex (U.a. Duxjt. Laboiy 

-Values determinod by literature search and suinmariaed in coot 
standardization work 

3. ^ Piw Material Cost 

-Chemical Marketing Raporttjr 
-January J.975 Value 
-Other Sou-'ces 

4. Labor Cost 

-Av«»i:age for ret-roii»uin, Coa'* and Al'i'i'id Industriee (1975) 

-SJ-lllRd $6. 90/hr 
-Femiski'led $4. 90/hr 

5. Update to 3900 

3) I rtcrlrally cite 1975 dollars (LSA project) 

’>11. dflciflion to ohanga to 198C dollars (JPL# 6/22/79) 

■ r. port? to reflect both 1975 an^ 1980 dollars (JPL, 6/22/79) 

.ati' n factor of 1.4 to be used (JPL, 6/22/79) 
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CASIE A 


TABLE A2.1-3 

PAW MATERIAL COST FOR SILANE PROCESS - CASE A 


Raw Matarlal 

Raquirament 
Ib/lb of Silana 

$/lb of 
Matarlal 

Cost $/lb 
of Silana 

1. 

HCl 

1.239 

.10 

.12 

2. 

Hydrogan 

.362 

.96 

.35 

3. 

Caustia (50%) 

2.448 

.0382 

.09 

4. 

M.G. Silioon 

1.11 

.454 

.50 


1.06 (1975 dollar.) 
X 1.4 inflation 
1.48 (1980 dollars) 
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CASB A 


TABLi' A-! . J -6 

UTILITY COST FOR SILANE PROCESS -CAf!E A 



OtiUL^ 

Roquiiomant/lb 
or Silane 

Cost of 
Utility 

Cost $/lb 
of silana 

1- 

riLtUr iety 

.253 Rw-'Hr 

$.03/KW hr 

.0076 

2. 

St'PMn 

190.14 lb-« 

1 . Jh 

.2379 

i 

t oolinq Wstci 

168.10 gwll n.i 

.0134 

4. 

Procass wator 

8,22 gallons .35/M sl*l 

.0029 

5. 

Rofrigcc-ant (2i“F) 

77 1 RTU 

A. ' >/MM HTII 

.0001 

6. 

RafrigBi-ant (b“F') 

79 . 1 imi 

i oTn; 

.0005 

7. 

Rafrigerant (-7°P) 

26.4 BUI 

7 . 50/MM DTU 

.0002 

8. 

Refrigarant (-2 o“f) 

2.3 H BTIi 

H. 70/mm BTU 

.0200 

n 

Rafriqer int < lo°t- 1 

3(1 3 w nT(i 

•' t'O/MM DTU 

.2'>'-'7 

10. 

wr frigarint (-40*F) 

'09 DT'i 

U).j"/''IM HTIJ 

.0039 

11. 

Refrigerant (-liO*'F) 

3.5 M BTU 

1 1 . 4 . / MM . 

.0400 

1'. 

Hi'jin TamperaLuro Heat 

3.324 X icl 

BTU J.O'MMBTU 

.099 

1 ? . 

’ K'.li .nqe Fluid 
Mi i.rogan 

5.34 set' 

.5U/M Sl’P 

.0020 


.724 U975 dollars) 
X 1.4 inflation 
1.01 (1930 dollars) 
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CABS A 


TABIiB A2.X-7 

PURCHASED COST OP MAJOR PROCESS EQUIPMENT FOR 
SILANE PROCESS “CASE A 


1 

Ik • 

Equipmant 

(Tl) M.G. Sllloon Storaga Hoppar 

Purchased Cost « $1000 
12. OS 

2. 

(T2) 

Hydrogan Storaga Tank 

179.2 

3. 

CT3) 

Liquid HCl Storaga Tank 

95.27 

4. 

(T4) 

Racycla TET Storaga 

214,4 

5 . 

(T5) 

TCS Reactor Off-Gas Flaah Tank 

0.71 

6. 

(T6) 

TCB/TET Storage 

214.4 

7. 

(T7) 

ifl Dlatillatlon Coliunn Condensate Aocuinlator 

8.51 

e. 

(T8) 

#1 Rodiai_ribution Reactor Feed Tank 

241.99 

9, 

(T9) 

Redistribution Reactor Product Tank 

245.0 

10. 

(TIO) 

#2 Disti nation Column Condensate Accumulator 

7.37 

11. 

(Til) 

ft 2 Redistribution Reactor Paed Tank 

76.03 

12. 

(T12) 

#2 Redistribution Reactor Product Tank 

221.17 

13. 

(T13) 

ft 3 Distillation column Condensate Accumulator 

2.76 

14. 

(T14) 

#3 Distillation Column Condensate Tank 

147.44 

15. 

(T15) 

ft4 Distillation Column Feed Tank 

53.45 

16. 

(T16) 

#4 Distillation Column Condensate Accumulator 

2.76 

17. 

(T17) 

#4 Distillation Column Condensate Tank 

34.1 

18. 

(T18) 

Waste Tank 

17.01 

19. 

(T19) 

Absorber Peed Tank 

16.59 

20. 

(T20) 

Silane Storage 

255.9 

21. 

(T21) 

Caustic Storage 

92.15 

22. 

(HI) 

TCS Reactor Recycle Gas Heater 

8.12 

23. 

(H2) 

HCl Vaporizer 

1.15 

24. 

(H3) 

TET Vaporizer 

18.48 

25. 

(H4) 

TCS Reactor Recycle Condenser 

38.98 
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CAMA 


TABUI A2.1-7 (oontinuad) 

36. (H5) #1 Dlatlllatlon Column Prohaator 3.24 

27. (116) HI Distillation Column Condanasr 23.4 

28. (117) HI Dis'tlllation Column Rabollsr 23.7 

39. (118) H3 Distillation Column Condsnssr 21.08 

30. (119) H2 Distillation Column Raboilar 21.16 

31. (HIO) H2 Radlstribution Raactor Pood Vaporiaor 3.67 

32. (HID H2 Radlstribution Raactor Product condanaar 8.62 

33. (H12) H3 Distillation Column Prohaatar 2.86 

34. (H13) »3 Distillation Column Condanaar 14.95 

35. (1114) H3 Distillation Column Roboilar 3.88 

36. (1115) Silane Condanaar 2,29 

37. (H16) #4 Distillation Column Condanaar 3.48 

38. (H17) #4 Distillation Colimrn Rabollar 1.33 

39. (H18) Absorber Pre-cooler 1.79 

40. (H19) Nitrogen Heater .92 

41. (Pi) TCS Reactor off-qas Recycle Cott^rossor 35.1 

42. (P2) HI Distillation Column Peed Pump 5,03 

43. (P3) HI Distillation Column Overheads Pump 6.04 

44. (P4) HI Distillation Colum Bottoms Pump 3.59 

45. (P5) Process Water Peed Pump 2.87 

46. (P6) caustic peed Pump 1.25 

47. (P7) #1 Redistribution Reactor Feed Pump 4,02 

48. (PH) H2 Distillation Column Faad Pump 3.59 

49. (I’9) H2 Distillation Colujnn Overheadb Pump 2.57 

50. (PIO) #2 Distillation Column Bottoms Pump 3,59 

51. (Pll) H2 Redistribution Reactor Feed Pump 2.09 

52. (Pl2) #3 Distillation Column Feed Pump 1.77 
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CAflE A 


53. 

(P13) 

TABLE A2.1-7 (oontinuttd) 
#3 nistillatlon Column Ov«rh«ads pump 

1.77 

54. 

(P14) 

#3 Distillation Column Bottom* Pump 

1.47 

55, 

(P15) 

#4 Distillation Column P«»d Pump 

1.23 

5S. 

(Plb) 

#4 Distillation Column Ovarhaada Pump 

1.23 

57. 

(P17) 

#4 Distillation Column Botboma Pump 

1.23 

58. 

(P18) 

d4 Distillation Condarisata Racycle Pump 

1.23 

59. 

(P19) 

Silane Product Compressor 

17.55 

60. 

(P201 

Waste Feed Pump 

.62 

61. 

(P21) 

TCR Reactor Feed Pump 

3.31 

62. 

(P22) 

#3 Dit; lation Condensate Becycla Pump 

1.47 

63. 

(P23) 

Waste Col loft ion Pump 

.62 

64. 

(P24) 

Absorber Feed Pump 

1.23 

65. 

(Cl) 

#l Distillation Column 

100.66 

66, 

(C2) 

#2 Distillation Column 

214.08 

67, 

(C3) 

#3 Distillation Column 

40.19 

68. 

(04) 

B4 Distillation Column 

21.14 

69. 

(05) 

Silane Alisorber 

15,06 

70. 

(C6) 

Charcoa 1 Adsorber 

18.0 

71, 

(Rl) 

'PCS Fluidized Bed Reactor 

155.06 

72. 

(R2) 

#1 Redistribution Reactor 

13.26 

73. 

(R3) 

#2 Redistribution Reactor 

33.14 

74. 

(Al) 

Pines Separator 

2.0 

75. 

1A2) 

Waste Treatment 

18.72 

76. 

(AM 

Hydroqe^n Flare 

0.10 


TOTAL PURCHASED EQUIP^NT COST $3079*31 U975 dollars) 

X 1.4 inflation 
4,311.03 (1980 dollars) 
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CASB A 


TABLE A2.1-8 

PRODUCTION LABOR COST POR BILANIE PR0CB88 - CASE A 



unit Operation 

Skilled Labor 
Man-nrsAb Silane 

Cost 

$/lb of Silane 

1. 

TCS Production 

.0085 

.05865 

2 , 

Hydroaen Recycle 

.0023 

.01587 

3. 

Raw Material Vapor! ration 

.0065 

.04485 

4. 

TCS Condensation 

.0065 

.04485 

5. 

TCS/TET Separation 

,0081 

.05589 

6, 

#1 Hodiatrlbution Reactor 

.0064 

.04416 

7. 

D(?S/TCS Separation 

.0068 

.04692 

8 . 

#2 Redistribution Reactor 

.0042 

.02898 

9. 

Silane Distillation 

.0042 

,02898 

10. 

Silane Absorption 

.0036 

.02484 

11. 

Silane Purification (Adsorption) 

.0047 

.03243 

12. 

Silane Compression 

.003 

.0207 

13. 

Silane Condensation 

.003 

.0207 

14. 

Materials Handlituj 

.1.06.3* 

.03037 

15. 

Waste Treatment 

.0078 

.05382 

16. 

Silicon Pines Sveparation 

,002 

.0138 


S.5663 (197S dolLtx- 
X 1.4 infl.'tion 
.7428 (1480 dolliiv 


NOTES 

Based on labor costs of $6.90 skilled, $4.90 seroiskilled. 
* Semiskilled Labor 
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TADLII A2.1-9 


ESTIMATION OF PIANT INVESTMENT FOR SILANE PROCESS - CASE A 


Invattnwnt 

$xnoo 


1. DIRECI* PIJVJT investment COSTS 

1, Major Procoii:* Equij^iivjnt Co«t. $3079.31 

2, Inutallatvou of Major Lquipitvent 1334.10 

3, ProcosB pxpituj, Infitallod 2270,69 

4, inatruinantatlon , Xunt.all£'d 585.07 

5, Elaotrical, installtid 307.93 

b. Prooass Dulldings, Installud 307.93 

la. SUBTOTAL FOR DIRECT PI.ANT INVEStmCNT COSTS 7883.03 

(PRIMARILY BATl’RRY LUUT TACILITIES) 

2. OTHER DIRECT PLANT INVESTMENT COSTS 

1. Ut-ilitio*, InBtallod 1478.07 

2. Caneral Sarvicoai Site Osvelopmntit , 369.52 

t'ira Protoctloii, etc. 

3. LQiiBial Dulldinga, Offices, Shops, oLc. 431.10 

4. Receiving, Sliipping Facilities 646.66 

2a, LDHToTAl. FOR UTHER DIRECT PLANT INVliSTMUNT c 0::TL 2925.35 

(PRIMARILY OFFSITE FACILITIES OtTOIDE BATTERY LIMIT.S) 

3. TOTAL DIRECT PLANT INVESTMENT COST, la + 2d 10808.38 


4. INDIRL'CT PLANT INVTSSTMENT COSTS 

1. Engineering, Oveihead, qtc. 

2. Normal Cent, for Floods, Strikes, etc. 


1693.62 

2186.31 


4a, TOTAL INDIRECT PLANT INVESTMENT COST 


3879.9 \ 


5. TOTAL DIRECT AND INDIRECT PLANT INVESTMENT 1468R.31 

COST, 3 + 4a 

6. OVERALL CONTINGENCY 4406.49 


7. FIXED CAPITAL INVESTMENT FOR PLANT’, 5 + 6 19094.80 (1975 dollars) 

X 1.4 inflation 
26732.72 (1980 dollars) 
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CAgg A 


TABIJJ A2.1-10 

ESTIMATION OP TOTAL PRODUCT COST FOR SHANE PROCESS- CASE A 


1. Dlract Maufflcturlng Coat tDirdiit CUarges) 

1, Raw Katarlaia- from pral. daaign 

2, Direct: Operating Labor- from praX. 

daaign 

3, Utilltiea-from pral, daaign 
Suparvlaion and Clarical, 

5. Malntanance and Rapaira, 

6. Operating Supplies, 

7. Laboratory Charge, 

8. Patents and Royaltlas, 

coats 

2. Indirect Manufacturing Coat (Fixed Chargaa) 

1. Dapraciatlon 

2. Local Taxea 

3. Insurance 
A. Intereat 

3. Plant Overhead 

4. By-Product Credit- from pral, dasign 
4a, Total Manufacturing Cost, 1 + 2 + 3 + 4 

3. General Ejq>anseB 

1. Administration, 

2. Distribution and Sales, 

cost 

3. Research and Development, 

cost 

6. Total Coat of Product, 4a + 5 


$/lb of Silane 


1.06 

.5663 

.724 

.083 

,682 

.136 

.085 


.682 

.136 

,068 


.595 


4.819 

.289 

.289 

.145 


5.55 (1975 dollars) 
X 1.4 inflation 
7,77 (1980 dollars) 
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A2.2 Si lane Prru’eHS - Case B 


The Hconomif analysis activity for the Silane Process 
-Case B (Hlnlmutn Process Storage) Involves a cost analysis 
to produce silane for silicon. Primary results issuing from 
the economic analysis include plant capital investment and 
product cost which are useful In identification of those pro- 
-esBos showing promise for meeting project c>dt goals. 

The cost analysis results for producing silane by the Si- 
lane Process - Case D are presented In Table A2.2-1 including 
costs for raw materials, labor, utilities and other items com- 
posing the product cost (total cost of producing silicon). 

The tabulatltm summarizes all of these items to give a total 
product cost without profit of $*i..«V8 (1P75 dollars) and $G.41 
(1980 dollars) per lb of silane. These results, when ex- 
pressed In terms of silicon contained in the sllano, corres- 
pond to $11.50 (1975 dollars) and $10.12 (1980 dollars) per kg 
of silicon. 

Those cost results for the Silane Process-Case B indicate 
that this new technology for producing silane for silicon Is 
marginal. Ilevlslons are warranted for meeting the cost goal 
of $14 per kg of silicon material (1980 dollars) for solar 
cells. 

The detailed results for the economic analysis are presented 
in a tabular format to make it easier to locate cost items of 
specific interest. The guide for the tabular format is given 
below ; 

Preliminary Kinmomic Analysis Act ivlties. .Table A2.2-2 


Process Design Inputs Table A2.2-3 

Bast* Case Conditions Tattle A2.2-4 

Haw Material CoKt Table A2.2-5 

Utility Cost Table A2.2-6 

Major Proress K(iuipm(*nt . . . ...Table A2.2-7 

Production Labor Cost Table A2.2-8 

Plant Inveslmfut Table A2.2-9 

Total Product Cost.... Table A2.2-10 
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TABLE A2.2-1 


ESTIMATION OF PRODUCT COST FOR SILANE PROCESS - CASE B 


Cost Cost 

!t/lb oC Silsne $/lb of sHans 

(1975 dollars) (19B0 dollairfl) 

1. Dlrsct Manufacturing Cost (Dir«ct Costs). 2.95 4.13 

Raw Matarials 

Diract Qpsrating Labor 

Utllitias 

Suparvlsion and Clarical 
Maintenance and Repairs 
Operating Supplies 
Laboratory Charge 

2. Indirect Manufactuing Cost (Fixed Cost) 0.52 0.73 

Depreciation 
Local Taxes 
Insurance 

3. Plant Overhead 0 51 0.71 

4. General Expenses. 0.60 0.84 

Administrat ion 
Distribution and Sales 
Research and Development 


5. Product Cost Without Profit...... 4.58 6.41 
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CASE B 


TABLE A2.2-2 


ECOl.’QMIC AHALYSES: 

PRELIMINARY ECONOMIC ANALYSIS ACTIVI-reS FOR SILANE PROCESS - CASE B (UNION CANBIIS) 


Frel. Process Econoaic Activity Status 

Process CesiTr. Infuts • 

1. Material Requxrenents a 

2 , iiequireiter.ts * 

Lqviipjaer** i_st • 

4. Labor f'equircEier.ts • 

Specify Base Case Corditicans t 

1. Base Year for Costs • 

2. Appropriate Ircices for Costs i 

3. Additional • 

Paw Material Costs • 

1. Base Cost/Lb. of Material t 

2. Material Cost/ li> of Silane • 

3. Total Cost/ lb of Silane • 

Ctility Costs • 

1. Base Cost for Each Jtility • 

2. utility Cost/ lb of Silane • 

3. Total Cost/ lb of Silane • 

Major Process Equipment Costs t 

1. Individual Equip'aent Cost • 

2. Cost Index Adjustment • 


Prel, Process Ecoroaic Activity 

6. Production .^abor Costs 

1. Base Cost Per Man Hour 

2. Cost/lb Silane Per Area 

3. Total Cost/lb Silane 

7. Estiskation of Plant Znvestnant 

1. Battery Limits Direct Costs 

2. Other Direct Costs 

3. Indirect Costs 

4 . Contingency 

5. Total Plant Investsent 
(Fixed Capital) 

6. Estimation of Total Product Cost 

1. Direct Henufacturing Cost 

2. Indirect Manufacturing Cost 
3- Plant Cverhead 

4. By-Product Credit 

5. Getueral Eiqpenses 

6. Total Cost of Product 


0 Plan 
9 la Progress 
• Cospleta 


States 


CA«g B 


Twaut A2.2-3 

PRCX:B<8 D88IGN INPUTS Z'OR 
SILANB pnOCBSS > CASB S 


1. l<U)w MAttrial Raquircmantt 

-M.G. Silicon, anhydrou* HCl, cauatlc, hydrogen. 

-f«« table for "Raw Hatsrial Coat" 

2. Utility 

-«l«ctrlcal, ataain, cooling watar, ato. 

-a#« t«bl« for "Utility Coat" 

3. ISgulpment Liat 

•*58 piacea of major proceca equlpmant 
'proceaa veaaala, heat exchangara, reactor, etc. 

-aa« tebla for "Major Procaaii Equipment Cost" 

A. Labor Requiroments 

-production labor for purification, vjporiaatlon, product handling, etc, 
-aeo table for Troductlon Labor Cost" 
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CA8K B 


TABLE A2.2-4 

BASIS CASK CONDITIONS FOR 
SILANK PPDCKS8 - CASK B 


1. Capital Bquipmant 

~ January 1975 Coat Indax for Capital Kquipmont Coat 
“January 1975 Coat Indax Valua « 430 

2. Utilitiaa 

“Klactxlcalf Staain^ Cooling Water, Nitrogen 
“J^muary 1973 Coat Index (U.S. Dept. Labor) 

“Values determined by literature search and sununarised In coat 
standardisation work 

3. Raw Material Cost 

“Chomioal Marketing Reporter 
-January 1975 Value 
-Other Sources 

4. Labor Coat 

-Average for Chemical Petroleum, Coal and Allied industries {1975) 
-Skilled $6. 90/hr 
-Semiakilled $4, 90/hr 

5. Update to 1900 

-historically cited 1975 dollars (LSA project) 

-DOE decision to change to 19B0 dollars (JPL, 6/22/79) 

-reports to reflect both 1975 and 1980 dollars (JPL, 6/22/79) 
-inflation factor of 1,4 to be used (JPL, 6/22/79) 
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CASi£ Q 


TABUS A2.2-5 

RAW MATERIAL COST FOR SILAWB PROCESS-CASK 0 


Roquirttmont: 


$/lb of 


Co*t $/lb 


Raw 

Mdturial 

Ib/lb of Silane 

Material 

of Si 

1. 

HCl 

1.239 

.10 

.12 

2. 

Uydrogt'n 

.362 

.96 

.35 

3. 

Caustic (50^) 

2.448 

.0382 

.09 

4. 

M.u. Silicon 

1.11 

.454 

.50 


1.06 (I97f) dollar*) 
X 1.4 Inflation 
1.48 (1980 dollars) 
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CASB B 

TABUS A2 . 2-6 

UTILITY COST FOR SILANB PROCESS -CASS B 


Utility 

Raquirainant/lb 
of silane 

cost of 
Utility 

cost $/lb 
of Silane 

1, 

Elacti icty 

.212 KW-Hr 

$ . 03/kw hr 

.0064 

2. 

Staam 

186.72 Iba 

1.25/M lb 

.2334 

3. 

Cooling Watar 

168.12 gallons 

.08/M gal 

,0134 

4. 

ProcasB Water 

8.22 gallons 

.35/M gal 

.0029 

5. 

Refrigerant (-20*F) 

2.3 M BTU 

8.70/MM BTU 

.0200 

6 . 

Refrigerant (-30®F) 

30.8 M BTU 

9.60/MM BTU 

.2957 

7. 

Refrigerant (-40“F) 

25.3 BTU 

10. bO/MM BTU 

.0003 

8. 

Refrigerant (“SCF) 

517.2 BTU 

11. 4 2/MM BTU 

.0059 

9. 

High Temperature Heat 
Exchange Fluid 

33,24 M BTU 

3.0/MM BTU 

.0997 

10. 

Nitrogen 

5,54 SCP 

,50/M SCP 

.0028 


.6805 (1975 doUara) 
X 1.4 inflation 
,9527 (1980 dollars) 


441 


CASTS B 


TABLE A 2. 2-7 

PURCHASED COST OP MAJOR PROCESS EgOIPMENT FOR 
SILANE PROCESS - CASE B 


Equipment Purohasad Coat, $1000 


1. 

(Tl) 

M.G. Silicon SUoraga Hoppar 


12.05 

2. 

(T2) 

Hydrogan Storaga Tank 


179.2 

3. 

(T3) 

Liquid HCl Storaga Tank 


95.27 

4. 

tT4) 

Racycle TET Storaga 


125.55 

5. 

(T5) 

TCS Raactor Off-Gaa Flash Tank 


0.71 

6. 

(T6) 

TCS/TET Storage 


214.4 

7. 

(T7) 

111 Distillation Column Condensate 

Accumulator 

8.51 

8. 

(TB) 

i\Z Distillation Column Condensate 

Accumulator 

7.37 

9. 

(T9) 

It 3 Distillation Column Condensate 

Accumulator 

2.76 

10. 

(TIO) 

#4 Distillation Column Condensate 

Accvuimlator 

2.76 

11. 

(Til) 

Waste Tank 


17.01 

12. 

(T12) 

Silane Storage 


82.09 

13. 

(T13) 

Caustic Storage 


92.15 

14. 

(HI) 

TCS Reactor Recycle Gas Heater 


8.12 

15. 

(H2) 

HCl Vaporizer 


1.15 

16. 

{H3} 

TET Vaporizer 


18.48 

17. 

(H4) 

TCS Reactor Recycle Condenser 


38.98 

18. 

(H5) 

111 Distillation Column Preheater 


3.24 

19. 

(H6) 

1(1 Distillation Column Condenser 


22.4 

20. 

(H7) 

ttl Distillation Column Reboiler 


23.7 

a. 

(H8) 

H2 Distillation Column Condenser 


21.08 
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CASB B 


TABLB A2.2-7 (Continuad) 


22. 

(H9) 

ft 2 Diatllfttion Column Raboilar 

21.16 

23. 

(HIO) 

ft2 Padiatribulton Raactor Foad Vaporlaar 

3.67 

2^. 

(HID 

ft 3 Diatillfttion Column Condansar 

14.95 

2S. 

(1112) 

tt3 Diatillation Column Raboilar 

3.88 

26. 

(H13) 

Silana Condanaar 

2.29 

27, 

(H14) 

ft4 DiatillaUlon Column Condanaar 

3.48 

28. 

(H15) 

tt4 Diat illation column Rabollai* 

1.33 

29. 

(H16) 

Abaorbar Pra-coolar 

1,79 

30. 

(H17) 

Nitrogan Hoatar 

.92 

31. 

(PD 

TCS Raactor Off-gas Racycla Compraaaor 

35.1 

32. 

(P2) 

ftl Diatillation Column Faad Pump 

5.03 

33. 

(P3) 

#1 DiatlDation Column Ovarliaada Pump 

6.04 

34. 

(P4) 

ftl Diatillation Columii Bottoms Pump 

3.59 

35. 

m) 

Procaaa Watar Feed Pump 

2.87 

36. 

(P6) 

Caustic Faed Pump 

1.25 

37. 

(P7) 

ft2 Diatillation Colvuiin Ovarhaada Pump 

2.57 

38. 

(PB) 

ft2 Distillation Column Botto.na Pump 

3.59 

39. 

(P'5) 

1)3 Diatillation column OvorheadH Pump 

1.77 

40. 

(PIO) 

S3 Distillation Colun\n Bottoms Pump 

1.47 

41. 

(PID 

S4 Distillation Column Ovarhaada Pump 

1.23 

42. 

(I'l2) 

ft 4 Distillation Column Bottoms Pump 

1.23 

43. 

fi’lD 

Silane Product Compressor 

17.55 

44. 

(PI 4) 

Waste Feed Pump 

.62 
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CASE B 


TABLE A2.2-7 (Contlnu»d) 


45. 

(P15) 

TCS Roaotor Paad Pun\p 

3.31 

46. 

(P16) 

Wasta Colldction Pump 

.62 

47. 

(Cl) 

#1 Distillation Column 

100.66 

48. 

(C2) 

D2 Distillation Column 

214.08 

49. 

(C3) 

tt3 Distillation Column 

40.19 

50. 

(C4) 

if4 Distillation Column 

21.14 

51. 

(C5) 

Silana Absorbar 

15.06 

52. 

(C6) 

Charcoal Adsorbar 

18.0 

53. 

(Rl) 

rcs Fluidized Bad Reactor 

155.06 

54. 

(R2) 

#1 Radistribuiton Reactor 

26.52 

55. 

(R3) 

ft2 Redistribution Reactor 

66.28 

56. 

(Al) 

Fines Separator 

2.0 

57. 

(A2) 

Waste Treatment 

18.72 

58. 

(A3) 

Hydrogen Flare 

0.10 


TOTAL PURCHASED EQUIPMENT COST 1796. X7 

X 1.4 
2515 


{1975 dollars) 
inflation 
(1980 dollars) 
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CASE B 


table A2.2-8 

PRODUCTION LABOR COST FOR SILANE PROCESS - CASE B 

Skilled Labor Cost $/lb 

Unit Operation Man-HraAb Sila ne of S liana 


1. 

TCS Production 

.0085 

.05865 

2, 

Hydrogen Recycle 

.002S 

.01587 

3. 

Raw Material Vaporization 

.0065 

.04485 

4. 

TCS Condensation 

.0065 

.04485 

5. 

TCS/TET Separation 

.0081 

.05589 

6. 

fll Redistribution Reactor 

.0064 

.04416 

7. 

DCS/TCS Separation 

.0068 

.04692 

8. 

tl2 Redistribution Reactor 

.0042 

.02898 

9. 

Silane 

Distillation 

.0042 

.02898 

10, 

Silane 

Absorption 

.0036 

.02484 

11. 

Silane 

Purification (Adsorption) 

.0047 

.03243 

12. 

Silane 

Compression 

.003 

.0207 

13. 

Silane 

Condensation 

.003 

.0207 

14. 

Materials Handling 


.03087 

15. 

Waste Treatment 

.0078 

.05382 

16. 

Silicon Fines Separation 

.002 

.0130 


TOTAL COST .5663 (1975 dollars) 
X 1.4 inflation 
.7928 (1980 dollars) 


NOTES 

Bastjd on labor costs of $6,90 skilled, $4.90 semiskilled. 
* Semiskilled labor. 
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CASK B 


TABLE A2.2-9 

BSTIHATION OF INVF.f.TMI.NT FOR SILANE PROCESS “ CASE B 


1. DIRECT PliANT INVl liTMENT COSTS 

1. Hnjor Irocoiu. i'.quLpmunl. Co*t 

2. Installation of Major Process Equiptnont 

3, Process Pipiiiij, Inutallod 

4, Inatrumantation, lunt.illod 

5, mocti'icul, 

6. Process Duildinyn, installed 

la. SUBTOTAL FOR DIW;«;T PLANT INVESTMENT COSTS 
(PRIMARILV BATTERY LIMIT FACILITIES) 

2. OTHER DIRECT PLANT IN’/ESTMTNT COSTS 

1. Utilities, Inst.illad 

2. Cunorai Servif.os, Situ I>jvuioiiji»*nt, 

Fire Proturlinn, otc, 

3. Gonoial liuildlnys, Oftitx'O, S)ioi>h, etc. 

4. Rccuivin*), r.liippiin.) Faci li ti on 

2a, SUHTOTAi, FOR OTHFR Dl 1U:CT I'LANT 1 NVF.STHLHT COSTS 

{PRIMARTL/ OM'SIT'r: FAi^ILlTllCS l)UT.';iDE BATTERY LIMITS) 

3. TOTAL DIKI-X'T Pi.ANT lNVESTMf;NT COST, la + 2a 

4. INUlRiXT PL/,NT INVESTMENT’ COSTS 

1, Enginuuriny, overhead, qtc. 

2, Homul Cont , ior Floods, Strike;*, etc. 

4a. TOTAL INUIREC'T PLANT INVESTMENT COST 

5. TOTAL DIRECT AND INDIRECT rj,ANT INVESTMENT 
COST, 3 -t 4a 

6. 0V1-:RAL1, CONTINGENCY 

7. FIXED o'AriTAI- INV'ESTMENT FOR PLANT, 5 )• 6 


Investment 

$1000 


$ 1796.17 
772.35 

1329.17 

341.27 

179.62 

179.62 


4598.2 


862.16 

215.54 

251.46 

377.20 

1706.36 


6304.56 


987.89 

1275.28 

2263.17 

8567.73 

2570.32 

11138,05 {1975 dollars) 


X 1.4 inflation 
15593 (1980 dollars) 
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CASE B 


TABLE A2.2-10 

ESTIMATION* OF TOTAL. PRODUCT COST FOR SILANE PROCESS “CASE B 


$/ lb og gilana 


i, Dlract MiinfacLurJng Cobl (Direct CliargeB) 


1. 

Raw Matariaifl- from pral. design 

1.06 

2. 

Direct Operating Labor- from prel. 
design 

.5663 

3. 

UtllitiQB-from prel, design 

.6805 

/*. 

Supervision and Clerical, 

.0849 

5. 

Maintenance and Repairs, 

,3976 

6. 

Operating Supplies, 

.0795 

7. 

Laboratorv Charge, 

.0849 

8 . 

Patents and Royalties, 
costs 

.... 

Indirect Manufacturing Coat (Fixed Chnrgea) 


1. 

Depreciation 

.3976 

2. 

Local iaxes 

.0795 

3. 

Insurance 

.0398 

ft. 

Interest 



3. 

Plant Ovec.iiad 


,51 

4 , 

Qy-Prcduct Credit- from prel. 

design 

»_ 

4a. 

Total Manufacturing Cost, 1 + 

2+3 + 4 

3.9806 

5, 

General Expai.jes 




1. Administration, 

coat 

.2388 


2, Distribution and Sales, 


.2388 


cost 




3. Research and Development, 


.1194 


cost 



6. 

Total Coat of Product, 4a + 5 




4.58 (1975 dollars) 
X 1.4 inflation 
6.^1 (1980 dollars) 
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A2.3 Silana Proceae - Caae C 


Initial coat analysis roaulta for the Silane Proceaa (Cases 
A and 13) were marginal and Indicated proceaa revisions were 
warranted for meeting the project cost goals. 

Process revisions were accomplished with favorable cost 
benefits over the orglnal scheme. 

The revised process included operation oi the silicon tetra- 
chloride reaction at higher pressure For Increased trichloro- 
silane yield should lower recycle* requirements. Lower recycle 
requirements will lower capital (•qulpment and labor costs. 

The distillation train as now proposed will operate at several 
hundred pounds pressure compared to original lower pressure. 

This higher pressure permits use of cooling wat-.r in the con- 
densers and does not require expensive low I inm>e nature reFrl- 
geratlon as originally proposed. This will p ovide lower 
operating (utilities) cost in 3 of the 4 dJslMlation columns . 
The higher pressure also permits nsa ot smaller diameter columns 
(vapor loading, density propf>r< cm tii preshure). The elimi- 
nation of hydrogen chloride rj’dt.'"”' si.irtlng material costs. 
Also, the ustf of hydrogen from u si lane pyrolysis provides 
additional lower feed material t 

The revised .silane proct'ss pvov.ded the following cost 
benef 1 ts : 


loW(*r <’npH ;il eo.sl s 
-lower raw material costs 
-Icwer operating labtjr costs 

Economic analysis iv'sulls for the Silane Process - Case C 
(Revised Process) are given in Section -l.R-UfT Silane Process 
for S’illcon (Union Carbide Corporal i on ) , 


448 



